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i. INTRODUCTION
This report describes the work performed under Contract
NAS8-2654 during the period from July 1, 1962 to February 18,
1965j and presents the results of the entire test program. An-
nual Report No. 1, covering the period from June 1, 1962 to
June 30, 1965_ described essentially the design and construction
of experimental equipment and facilities and presented results
of initial tests. At the risk of some repetition, this mate-
rial has been included in the present report in order to provide
a more definitive exposition of the subject matter.
Due to the possibility of venting or accidental leakage into
interstage compartments_ the use of liquid hydrogen and liquid
oxygen as propellants for launch vehicles presents a potential
explosive hazard. This hazard prevails both at the launch site
and in subsequent flight in space and is amplified by the exist-
ence of a multitude of devices capable of initiating reaction,
ranging from explosive actuators to lower energy sources, which
are present during the normal course of operation.
The primary objective of this investigation was to deter-
mine the detonability of hydrogen-oxygen mixtures of various
compositions, in vessels of size comparable to interstage com-
under selected environmental conditions. In additionpartments,
it was concerned with the study of the influence of the ignition
source and of the geometry of the reaction chamber on the devel-
opment and sustenance of detonation and with the detailed
2observation of related effects, such as the wave velocity and
pressure variation during the course of the combustion process.
The results of this program, in addition to contributing toward
a more thorough understanding of the influence of external ef-
fects on the detonation process, should be of significant value,
not only in defining the hazards associated with the handling of
hydrogen-oxygen mixtures, but also in the establishment of design
criteria for launch vehicles using these substances as propel-
lants.
Tests were performed in three detonation vessels with the
following dimensions: 5 ft diam x 20 ft long, 2 ft diam x 20 ft
long, and 2 ft diam x 40 ft long. Mixtures of n H z + 02 ( n = 1,
2, and 3) were used at initial pressures and temperatures rang-
ing respectively from 0.1 to 760 mm Hg and -180 to *200"F.
Similar studies with fuel-air mixtures in large vessels
have been carried out by Seamans and Wolfhard (1), who used a
tube 54 cm in diam x i0 meters long, and Gerstein, et al. (2),
who used a 2 ft diam x 300 ft long chamber. However, the former
were concerned primarily with initial pressures greater than 1
atmosphere while the latter were interested in the ranging of
initial pressures from 0.2 to 0.4 atmospheres and both investiga-
tions were restricted to mixtures at room temperatures.
It has been well established recently that the structure of
detonation is characterized by a multiplicity of transverse shock
wave interactions, whose effects become significant at low ini-
tial pressures of the reactive mixture. However, the classical
Chapman-Jouguet hypothesis should be still valid for the bulk
average state behind an unconfined fully established, self-
sustaining, detonation wave. Consequently, the C-J parameters,
determined from a thermodynamic equilibrium analysis (3), were
used for comparison with experiment.
The C-J hypothesis is in fact the only reasonable criterion
for the identification of a truly detonative process and in the
present investigation represents the most accurate means of es-
tablishing whether or not it has occurred. Only the relatively
small length-to-diameter ratio of the vessels prevented a more
definitive conclusion from being reached.
The experimental program was comprised of two distinct
phases. The first, discussed in Section 3, was devoted prima-
rily to determining steady detonation parameters, and made use of
a high energy ignitor consisting essentially of a 2 inch length
of 400 grain "Primacord"--a commercial detonating fuse. Depend-
ing on whether or not the reactive mixture could sustain a steady
detonation wave, the Primacord explosion produced either an over-
driven detonation wave or a strong shock wave whose velocity and
pressure exceeded the theoretical Chapman-Jouguet propertie_ In
both cases, then, the process was characterized by a wave front
which decayed in strength along the length of the vessel, acquir-
ing eventually a constant velocity in detonable mixtures or con-
tinuing to decelerate in mixtures unable to support a steady
detonation. Test results are reported in the form of graphs
showing variation of wave velocity and peak pressure as a func-
tion of distance from the ignitor. To allow maximum travel for
the establishment of a steady wave, the wave properties observed
at the last position in the vessel are compared with the theo-
retical C-J parameters.
The second phase of the program, described in Section 4,
was concerned with the use of weak ignitors and provided infor-
mation on the detonability of hydrogen-oxygen mixtures in the
absence of externally produced shock waves. In this case, how-
ever, shock waves were generated by the action of the accelerat-
ing flame itself. Observations were directed then toward exami-
nation of predetonative phenomena, including observation of the
initial acceleration of the flame as it expanded to fill the
cross-section of the vessel, the development of the precursor
shock generated by the flame front, and the subsequent estab-
lishment of detonation, either behind the precursor shock or as
a consequence of its reflection from the end wall of the vessel.
Results, presented primarily in the form of space-time diagrams
of the process, include information on flame velocity and pre-
cursor shock strength and on the limiting initial pressure be-
low which detonation is initiated only by reflection of the
precursor shock.
In both portions of the program the velocity and pressure
measurements were supplemented, on several occasions, by streak
Schlieren photographs. However, the photographic records were
of limited assistance in interpreting the experimental data,
since, for practical reasons, the field of view of the optical
system was restricted to approximately one tube radius. Hence,
observations of shock-flame interactions were obscured by the
extent of the reaction zone, which, for deflagrations, was also
Sof the order of a tube radius.
In addition to the information contained here, the follow-
ing technical notes have been issued during the duration of the
program:
C1) Austin, A. L., "Dynamic Elastic Response of a Thin-
walled Cylindrical Tube to an Axisymmetric Internal
" Tech. Note #1, June 1962Transient Pressure,
(2) Laderman, A. J._ Williams, G. T., and Peterson, J. R.,
"Analysis of Flame Ionization During the Development
of Detonation," Tech. Note #2_ September 1962.
(3) Laderman, A. J.j and Urtiewp P. Ao, "Design of Gas
Handling System," Tech. Note #5 D October 1963.
(4) Laderman_ A. J.j Jako, Chris_ and Panton I R. L.,
"Design of Vacuum Pump System for Detonation Vessels_"
Tech. Note #4, November 1962.
(5) Laderman, A. J.t Struck_ W. G., and Urtiew, P. A.,
"Design of Primacord Ignition System," Tech. Note #5,
October 1963.
(6) Busch, C. W°, and Laderman 0 A. J.t "Computation of Gas-
" Tech Note #6_ August 1964eous Detonation Parameters, .
C7) Struck, W. G., and Urtiew, P. A. p "Analysis o£ the
Spherical Flow Field Generated by a Solid Explosive,"
Tech. Note #8j August 1964.
(8) Wing, R. D., de Malherbe, M. C., and Laderman, A. J.,
"Investigation of Dynamic Stresses in Detonation
Tubes," Tech. Note #7p August 1964. _
C93
6
Amendj W. E., and Ladermanp A. J.D "Dynamic Performance
of Pressure Transducers in Shock and Detonation Tubes,"
Tech. Note #9, September 1964.
72. DESCRIPTION OF THE EXPERIMENTAL APPARATUS
2.1. Detonation Vessels
ill
2.1.1. Design
The dimensions of the three cylindrical detonation chambers
were as follows:
(1) 2 ft diam x 20 ft long
(2) 2 ft diam x 40 ft long
(3) 3 ft diam x 20 ft long
The first of these vessels was made of type 304 stainless
steel with provisions for temperature control from -180°F to
200°F. It had, in addition, a number of 4 inch diam optical ob-
servation ports extending along half its length to be used for
Schlieren photography. The second chamber was obtained by add-
ing to the stainless steel vessel a 20 ft long carbon steel ex-
tension. The third chamber was also made of carbon steel. All
three vessels were fitted with a number of access ports of uni-
form dimensions for installation of instrumentation and other
accessory equipment. The location of the vessels is shown in
the laboratory floor plan, Figure 1.
The design of the vessels was based essentially on the mag-
nitude of peak pressures observed during previous studies car-
ried out in this laboratory. From these measurements it appeared
that for a 2H 2 + 02 mixture, initially at I atmosphere and room
temperature, a maximum pressure of 1250 psi, four times larger
than the C-J pressure and slightly greater than the reflected
detonation pressure, was attained during the development process,
prior to the establishment of the steady wave. An analysis of
the dynamic response of the vessel to this pressure pulse (4)
indicates that it is equivalent to a static pressure of 1000
psi, while the maximum static pressure produced by adiabatic
constant volume combustion of the test mixture, which occurs
for an initial temperature of -180*F, is 250 psia.
In order to reduce fabrication and material costs, minimum
wall thicknesses were used: 1/2 inch and 3/4 inch, respectively,
for the 2 and 3 ft diam carbon steel vessels, and 3/8 inch for
the stainless steel cylinder. The maximum stresses associated
with the 1000 psia static pressure were then 30,000 psi for the
stainless steel and 24,000 psi for the carbon steel vessels.
Comparing these values with the 30,000 and 25,000 psi yield
stresses associated with type 304 stainless and mild carbon steel,
respectively, the wall thicknesses appear marginal. However,
since the maximum pressure for tests with initial pressures of
100 mm Hg and lower would not be expected to exceed 250 psia,
the selected wall thicknesses provided adequate safety factors,
with the possible exception of the 760 mm Hg initial pressure
tests. The performance of the 1 atmosphere tests then was con-
tingent on the information obtained from dynamic strain gauge
measurements made at initial pressures intermediate to 100 and
760 mm Hg. It was planned to take safety precautions such as
barricading the vessel and removing personnel from hazardous
areas if strain measurements indicated that the yield condition
was approached. As it turned out, this procedure was not nec-
essary since maximum stresses did exceed the yield point.
sels:
The following designations are used to identify the ves-
Vessel A
Vessel B
Vessel CD
3 ftx 20 ft carbon steel
2 ftx 20 ft carbon steel
2 ft x 20 ft stainless steel
Assembly drawings of the vessels reflecting the final design are
shown in Figures 2, 3, and 4. Figures 5 and 6 show the completed
vessels installed in the laboratory.
All vessels had instrumentation ports for both pressure
transducers and ionization gauges located at 2 ft intervals along
their length, as well as other access openings to the interior
of the chamber. Furthermore, vessel CD was provided with 23
pairs of 4 inch window ports for Schlieren photography. These
ports extended over a 10 ft section of the vessel so that obser-
vation of any portion of the process in the 20 ft section was
possible by igniting the test mixture from the appropriate end
of the vessel. When vessels B and CD are used together, the last
i0 ft may also be observed, affording thus the opportunity to
investigate by optical means three-quarters of the entire 40 ft
length. To accommodate the windows, special design features had
to be incorporated in order to avoid sharp discontinuities in the
interior of the chamber. This was accomplished by inserting plane
optical windows into a flat-surfaced bar welded into the side of
the vessel and by welding blank inserts, approximately 6 inches
wide, along the remainder of the inner wall of the tube. Thus
the internal cross-section is not exactly circular, but in the form
of a circle segmented on two opposite sides. Minnesota Rubber
I0
Company type A 245 O-ring seals, a special low temperature sili-
con rubber compound, were provided at all flange and port open-
ings.
Because of the possibility of frosting of the glass at low
temperatures, a double window arrangement, illustrated in Fig-
ure 7, was used for the observation ports. An insulating cylin-
der was attached to the window port block with a second window
fitted in its outer end. Thus the temperature of the outer win-
dow could be kept above the dew point of the room air while the
space between the two windows was evacuated.
2.1.2. Testin_
All three vessels were subjected to several acceptance tests
and checks both before and after delivery. All critical welds
were subjected to X-ra Z photography. Hydrostatic testing to 300
psi on vessel A and 500 psi on vessles B and CD was performed
with a number of SR-4 strain gauges attached to the surface of
the vessel in order to measure maximum stresses and locate crit-
ically stressed areas. Locations of the strain gauges with re-
spect to the vessels and stresses calculated from static strain
measurements are shown in Figures 8, 9, and 10 for vessels A, B,
and CD, respectively. The stress measurements were obtained
with Baldwin-Lima-Hamilton type A-5 and A-7 standard SR-4 resist-
ance strain gauges and a BLH type L strain indicator. It was
found that the critical stress concentration in vessel A occurred
at the weld joining the 18 inch flange neck to the elliptical
head, while the maximum stress in vessel CD was developed at the
weld between the window port block and the vessel wall. Stresses
II
in vessel B were found to be considerably below the critical
level.
2. i. 3. Vacuum Performance
In order to satisfy vacuum requirements of the vessels, two
methods of leak detection were employed. Initially, a halogen-
sensitive detector, Distillation Products Industries type LD-01,
was used to locate moderate to large sized leaks. This was fol-
lowed by more sensitive testing in which the leakage rate of he-
lium into the chamber was measured with a VEECO type MS-9 mass
spectrometer. The two-stage pump system used in the vacuum tests
consisted of a Roots-type blower backed by a rotary oil pump.
The system, described in detail in Section 2.3, was designed to
reduce pressure in a 150 cuft chamber from 1 atmosphere to 1 mm
Hg in IS minutes.
Vessel A was found to be in good condition with respect to
vacuum service, with a maximum pressure rise of several2_Hg/hr
in the range of pressures from 1 to 100/u Hg. The pump-down
curve of vessel A, illustrated in Figure Ii, shows that after 15
minutes of pumping time the pressure in the chamber was reduced
to 7/u Hg. Considering that the vessel interior was not per-
fectly clean and that the pump performed below predictions, this
value was found to be quite satisfactory.
Initial tests of vessels B and CD revealed that pumping
times were excessive and that base pressures were not suffi-
ciently low. To improve the performance of the vessels, all
leaks which could be localized were eliminated. Following this,
the leak rate of the entire vessel was determined by surrounding
12
it with a helium atmosphere and obtaining measurements with the
mass spectrometer. The leak rates thus determined were approxi-
mately 0.007_-fta/hr for vessel CD and 0.006/u-ftS/hr for vessel
Bp within the allowable limit.
Subsequent to the leak rate tests s pump-down rates were es-
tablished for vessel CD and for the 2 ftx 40 ft chamber obtained
by combining vessel CD with vessel B. In additionp the pressure
rise in the blanked off vessels was observed. The results are
shown in Figure 12 for vessel CD and in Figure 13 for vessels B
and CD combined.
The excessive pressure rise indicated in these figures could
not be accounted for by leakage from the atmospherep consequently
it was considered as due to outgassing within the chambers.
Sources for the outgassing were established at a number of small
cracks and holes resulting from weld porosities opened up during
grinding of the internal welds in both vessels. In fact_ some
of the cracks located along the 6 inch wide filler strips possi-
bly provided gas passage to the small void between the strip and
the vessel wallp thus seriously impairing the vacuum character-
istics of the vessels.
This condition was corrected in vessel CD by repeated weld-
ing and grinding of the cracks. Standard dye techniques were
used to detect new cracks after each grinding operation. Repe-
tition of the vacuum tests indicated an approximate pressure
rise of 13/A_ Hg/hrp an acceptable value considering that the
resulting change in initial pressure of the test gases would be
insignificant during the time required to perform the test.
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Final pump-down characteristics and pressure rise curve are also
shown in Figure 12.
Similar repairs performed on vessel B were unsuccessful be-
cause the additional welding of the cracks produced surface
irregularities which were considered excessive from the stand-
point of interference with the wave process under observation.
Consequently, it was necessary to eliminate the source of the
outgassing by removing the entire weld on both sides of the two
filler strips and rewelding the strips to the vessel. This
operation was successful in reducing the pressure rise from 20.6
Hg/hr to 3.4/_Hg/hr in the 40 ft long chamber, as indicated
in Figure 13. The increase in the final pump-down time, also
apparent from this figure, reflects only the deterioration of
the vacuum pump system, rather than the condition of the vessels.
2.2. Temperature Control System
In order to vary the initial gas temperature, vessel CD was
provided with a system designed to control its temperature from
-180°F to 200°F. In fact, the low temperature service dictated
the use of type 504 stainless steel for this chamber.
Heat transfer characteristics of the stainless steel vessel
with appropriate insulation were calculated and the results used
to design the temperature control system. The insulation was
comprised of a 1 inch layer of mineral wool covering the vessel
surface and, over this a 3 inch layer of polyenethane foam which
in turn was completely sealed with a water-impervious canvas
sheet. Figure 14 shows vessel CD after installation of the insu-
lation.
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Temperature control was achieved in the following manner.
Subzero temperatures were maintained by spraying controlled quan-
tities of liquid nitrogen into a 1 inch annular space formed
around the vessel by a 12 gauge stainless steel cover. Heating
to 200°F was accomplished by means of electric heating elements
attached to the surface of the vessel. The heaters were attached
with Thermon, a heat-conducting graphite-based epoxy.
Twenty-six thermocouples, described later, were attached
to the surface of the vessel. Fourteen of these were connected
to a Brown recorder for rapid visual audit of the magnitude and
uniformity of the vessel temperature. The remaining twelve were
connected, through a selector switch, to a Bustol automatic con-
troller, series 536, which regulated the heating and cooling
systems. Of the latter thermocouples, a single one, which was
observed to record the approximate average temperature of the
entire group of twelve, was used to drive the control unit.
The controller operated in an on-off mode, actuating either a
solenoid valve installed in the LN inlet line of the cooling sys-
tem or the contactor switch of the electric heating system.
Schematic diagrams of the temperature control systems are shown
in Figures 15 and 16.
During transient operation temperature differences over the
length of the vessel were as large as 50°F. However, during
steady state the vessel temperature was uniform within 10°F.
Heating to 200QF required approximately 6 hours while cooling to
-50 and -180°F was accomplished in 6-8 and 20 hours, respec-
tively.
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Gas temperature within the vessel was recorded by thermo-
couples located at both ends, extending several inches into the
interior. Several feet of the mixture inlet line were welded
to the outer surface of the stcel shell, which, according to heat
transfer calculations, was sufficient to cool (or heat) the mix-
ture to the vessel temperature during the filling process.
2.3. Vacuum Pump System
2.3. i. Description
Prior to admission of the test gas mixture, residue gases
were removed from the detonation vessel by means of a vacuum
pump. The primary factors influencing the design of the pump-
ing system and the selection of its components were the ultimate
base pressure required, the gas load, and the pump-down time.
The first two requirements governed the type of pump to be used,
while the last determined the capacity of the pump.
The pump-down time for a given pump is, of course, depend-
ent upon the volume of the chamber to be evacuated, which in
this case ranged from 62 cu ft for vessel CD to 150 cuft for
vessel A. To provide adequate performance for all conditions,
the design of the pumping system was based on the largest volume
of 150 cu ft.
The initial pressure of the test mixture ranged from 100 mm
Hg to 0.1 mm Hg. Consequently, to insure that the maximum im-
purity level did not exceed I%, the pumping system had to be cap-
able of evacuating the vessel to a pressure of at least 0.001 mm
Hg. In view of the large number of tests to be performed, it was
desired that the time required to reach this pressure be kept to
16
a reasonable minimum, which was arbitrarily set at 15-20 min-
utes. To facilitate leak detection tests, an ultimate pressure
-4
of i0 mm Hg was required. Here, however, the pumping time
was not important, although the pump should have sufficient capa-
city at the ultimate pressure to overcome the leaks.
The vacuum pressure requirements dictated the use of a two-
stage pumping system. Consequentlyp a high vacuum pump backed
by a mechanical rotary oil seal pump was chosen for use. These
pumps are hereafter referred to as HVP and MP, respectively.
The function of the hiP was twofold: first, it reduced the pres-
sure in the chamber to a level where the HVP could be safely
operated; secondly, it provided a sufficiently low exhaust pres-
sure for efficient operation of the HVP.
The pumping system had to be also capable of handling the
large volume of water vapor produced by the combustion process.
For example, several pounds of water vapor result from the reac-
tion of a stoichiometric mixture of hydrogen and oxygen initially
at NTP. The presence of the water vapor introduces two serious
problems. First, if a portion of the water vapor condenses in
the vessel, it will evaporate when the pump reduces the pressure
in the vessel below the equilibrium vapor pressure, thereby re-
ducing the effective pumping speed of the system. In fact, when
the rate of evaporation equalizes the rate of evacuation, the
pressure in the vessel is maintained constant until the condensed
phase is entirely evaporated. Secondly, the water vapor pass-
ing through the mechanical pump condenses in the oil. When the
pressure in the pump is reduced below the vapor pressure of the
17
water, evaporation occurs and limits the ultimate pressure which
can be attained regardless of conditions in the vessel. The
first problem is independent of the pumping system; the second
is largely influenced by the pressure at which the MP operates
when backing the HVP.
In consideration of the ultimate pressure requirements and
the capability to handle large water vapor loads, a Roots-type
compression blower was selected for use as the HVP in preference
to a vapor diffusion pump. The diffusion pump, which cannot be
operated until the fore pressure is reduced to several hundred
microns Hg, does not attain its maximum pumping speed until a
pressure of l_I[g. On the other hand, the compression blower
can be operated at a fore pressure of S0 mm }|g and is in fact
designed for operation in the range from I/X to several mm Hg.
The Roots-type blower offers the further advantages over the
diffusion pump of simpler operation and the capability of handl-
ing large volumes with a moderate sized pump.
Since the compression blower operated at higher back pres-
sures than the diffusion pump, the problem of contamination of
the oil in the MP was alleviated, although not entirely elimi-
nated. Contamination of the oil was minimized by the installa-
tion of a cold trap between the vessel and the HVP and by pro-
viding a gas ballast feature on the MP. In spite of these
precautions, it was found later that the pump performance was
seriously impaired by slight oil contamination after 10-20 detona-
tion tests at high initial pressures. Thus, frequent oil changes
were necessary.
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The selection of the MP was not critical and was governed
primarily by the desired pumping speed in conjunction with the
HVP and the compression ratio of the HVP at the desired base
pressure. The MP had, of course, to have the gas ballast pro-
visions necessary to handle the heavy water vapor load. For the
present range of pressures a single stage mechanical pump was
found to be adequate.
The pumping system assembly is shown schematically in Fig-
ure 17. The MP selected for use was the Stokes model 212-}I
rotary oil pump while the HVP was the Roots-IIeracus model VPRG
350-A. The manufacturer's published performance curve for the
combination is shown in Figure 18. The cold trap between the
HVP and the vessel, in addition to condensing the water vapor
evacuated from the vessel, also served to reduce backstreaming
of oil from the |{VP into the detonation chamber. A schematic
diagram depicting the construction of the cold trap is shown in
Figure 19. The two pumps were mounted on a common steel support
and were connected by a 4 inch steel pipe. Vibration transmis-
sion between pumps was reduced by vibration mounts and a flexi-
ble bellows in the connecting pipe.
At the start of the pumping operation the MP operated by
itself until the pressure in the chamber was reduced below 50
mm Hg. A pressure switch actuated the HVP at this point and
reduced the pressure further until the desired base pressure was
reached.
Isolation of the pump system from the detonation vessel
was achieved through a Hydromatics type 703, 300 ib ASA, 4 inch
19
ball valve, with an actual opening of 3 inches. The valve was
constructed of stainless steel, with extended stem for cryogenic
operation, and teflon seats.
2.3.2. Performance
A theoretical performance analysis of the entire pumping sys-
tem has been presented in reference 5. Results are shown as
curve B in Figure 18. The actual performance of the system de-
pends to a large extent on the cleanliness and vacuum tightness
of the chamber to be evacuated; furthermore, these factors deter-
mine the ultimate attainable vacuum pressure. In the calculation
of the performance (curve B, Fig. 18), a total leakage and out-
gassing rate of 1.O/_-cfm was assumed. Subsequent vacuum tests
revealed, however, that while leakage into the system was almost
negligible, outgassing occurred at a much higher rate than the
assumed value. This fact was established by pressure rise meas-
urements in the blanked-off chambers, illustrated in Figures 12
and 13. As a consequence of the heavy interior gas formation
of the vessels, the pumping speed diminished rapidly below a
pressure of 10//J Hg, causing total pumping time to be in excess
of the expected value. Figure ii shows the measured pressure-
time curve for vessel A both with and without the LN cold trap.
The leveling off of the curve at several microns was the result
of the outgassing discussed above.
Figure 20 shows the measured pump speed for the vacuum sys-
tem with vessel A in the range of pressures from 1 to 100/_x Hg.
It compares favorably with the manufacturer's curve which was
obtained, however, with a 47 cfm forepump. The total pumping
2O
speed of the system, as measured in the laboratory, is also
shown, as well as the predicted system performance. Although
limitations of the measuring apparatus forced a termination of
the pump speed tests at a system pressure of 7_ Hg, sufficient
information was obtained to show that the actual system speed
becomes less than the predicted speed at 10 A_ Hg. In view of
the more than adequate pump speed, and the fact that the calcu-
lated flow resistances should be accurate within at least a fac-
tor of two, the drastic reduction in system speed was felt to
be the effect of excessive outgassing.
The increase in base pressure, however, did not affect the
performance of the detonation tests. For the 100_z ltg tests,
the vessel was pumped to its ultimate pressure, filled to 50 or
100/_ Hg, pumped again to 10-15/_/Hg, and finally filled to
100_ Hg, the entire time required for this procedure being
short enough to assure that impurities introduced by outgassing
and leaks were less than 1_.
2.4. Gas Handling System
2.4.1. Design
The two most important features considered in the design of
apparatus to prepare and handle explosive gas mixtures were (I)
safety of the operating personnel and protection of other equip-
ment, and (2) control of the composition of the mixture. To a
large extent, explosion hazards can be minimized by the use of
high strength components, judicious location of the apparatus,
and proper operating procedure. Adequate control of the com-
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position involves the ability to reliably and reproducibly pre-
pare mixtures of known composition and known purity. Accuracy
of the composition is limited only by the precision of the meter-
ing instruments, while very high purity is possible by means of
several standard techniques. The type of gas handling system
selected for this work met both these requirements quite satis-
factorily. A brief description of the system is presented below
while more detailed information is given in reference 6.
The obvious method of preparing the explosive mixtures
directly in the detonation vessel, by monitoring the partial pres-
sure of the component gases, was discarded because of difficul-
ties associated with producing uniform composition throughout
the vessel. Mixing devices located within the detonation vessel
could not be employed and the time required to assure uniform
composition by diffusion alone would be excessively long. While
the equilibration time could be reduced somewhat by means of an
external recirculation pump, the increased complexity of the ap-
paratus was considered unwarranted in view of the advantages
afforded by the system which was adopted.
Initially, because of the large variation in the quantity
of mixture required at varying initial conditions, two differ-
ent systems were considered. For tests at subatmospheric ini-
tial pressures a "mixing chamber" system was designed which
provided for the preparation, storage, and control of 4200 cu in.
of gas mixture at 400 psi maximum pressure. For the 1 atmosphere
initial pressure tests it was planned to feed gases, mixed in
proper proportion, from commercial cylinders directly into the
2Z
detonation vessel. During subsequent operation it was found,
however, that the small number of the 760 mm Hg tests could be
handled by repetitive filling from the "mixing chamber" system;
thus, plans for the "continuous flow" system were abandoned.
The explosive mixture was prepared and stored in a container,
hereafter referred to as the mixing chamber, from which it was
then transferred to the detonation vessel as required. Because
of its large explosive content, the mixing chamber presented
the greatest explosion hazard. Any attempt to design a mixing
chamber sufficiently strong to withstand the pressures generated
during an explosion within the chamber would be based on ques-
tionable data. This required, then, the introduction of arbi-
trarily large safety factors, leading to prohibitive costs. If
we consider detonation to represent the most severe explosive
process to occur within the chamber) then it is an easy matter
to compute with fair accuracy the pressures corresponding to the
yon Neumann spike, tile Chapman-Jouguet state, and the state be-
hind the reflected detonation. The maximum pressure, however,
occurs during the development of the detonation wave and can only
be determined experimentally. For example, for a stoichiometric
mixture of hydrogen and oxygen initially at NTP, pressures of
40, 20, and 67 atmospheres correspond to the yon Neumann spike,
the C-J point, and the reflected detonation, respectively) while
a peak pressure of at least 85 atmospheres has been measured at
the instant the detonation is generated. If we assume that an
explosion occurs within the mixing chamber when the pressure
there is 400 psi, a reaction pressure as high as 34,000 psi could
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be expected, and even higher pressures may be produced by wave
reflections. A relatively thick-walled chamber would be required
which, if it should rupture, would give rise to high kinetic en-
ergy shrapnel.
It was, therefore, considered more expedient to use a thin-
walled chamber without attempting to contain an explosion. An
inexpensive barricade, such as sand bags, would provide efficient
means of absorbing the lower kinetic energy particles (resulting
from reduced mass) produced if the chamber is shattered. Such
chambers were readily available as surplus oxygen-breathing cyl-
inders with standard volumes of 500, 2100, and 18,000 cu in. and
with a working pressure of 400 psi. Two 2100 cu in. cylinders,
charged to the maximum pressure, would contain 3 ibs of equimolar
hydrogen-oxygen mixture, almost four times the maximum quantity
required for a single experiment in the largest vessel at an
initial pressure of i00 mm Hg. Consequently, at least three ex-
periments could be performed from a single charging of the mix-
ing chamber. For a given initial temperature, the weight of
mixture used in a single experiment is directly proportional to
the initial pressure. Since only several experiments were re-
quired at each operating condition, the amount of mixture re-
quired for the I0, I, and 0.1 mm Hg initial pressure tests did
not exceed the amount needed for a single experiment at 100 mm
Hg. Depending then on the number of unsuccessful shots, in most
instances a single charging of the mixing chamber was sufficient
for all tests at a _iven composition.
The maximum chemical energy content is obtained when the
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mixing chamber is charged to 400 psia with a stoichiometric
hydrogen-oxygen composition. At room temperature this corre-
sponds to 2.1 Ibs of mixture which_ assuming the higher heating
value of 5760 BTU/Ib of mixturep yields a theoretical energy
content of 12_100 BTU°
The mixing chamber was located in a cell constructed of 2 ft
thick reinforced steel concrete walls with blow-off roof_ isolat-
ing it from the rest of the laboratory. All operations during
preparation and storage of the mixture were controlled from out-
side the cello A flow diagram of the gas handling system is
shown in Figure 21 while details of the mixing chamber and its
controls are shown in Figure 22. To minimize corrosion and
maintain mixture purityp that part of the system exposed to the
mixture was constructed entirely of stainless steel. With the
exception of the component gas lines_ the housing for the gas
filterj the mixing chamber_ and the solenoid valves_ all compo-
nents were rated at 3Or000 psi.
Gas cylindersp located outside the building_ were connected
by 15_000 psi aluminum tubing through a manifold and valve sys-
tem to the mixing chamber_Figure 21. From the mixing chamber a
line led to a manifold which distributed the mixture to the det-
onation vessels. Manually operated high pressure valves were
located on both sides of the manifold to isolate the vessels from
the mixing chamber. When a vessel was in use_ the upstream
valve and the downstream valve connecting to the vessel were open
and the remaining downstream valves were closed. The line feed-
ing the detonation vessel was also equipped with a S00 psi
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normally closed solenoid valve, for admitting the mixture to
the vessel, and a 30,000 psi normally closed air-operated shut-
off valve, to provide positive closure of the vessel during an
experiment. After filling, the line between these valves was
evacuated to provide isolation of the detonation vessel from
the rest of the system.
Each of the aluminum lines from the gas cylinders terminated
in a high pressure stainless steel valve connected to the mani-
fold. Installed in the line between the manifold and the mixing
chamber was a high pressure metering valve for control of the
gas flow rate, and a molecular sieve to remove trace impurities,
particularly water vapor, Figure 22. The mixing chamber was com-
prised of two 2100 cu in. surplus oxygen-breathing bottles con-
nected in parallel. Manually operated high pressure valves
located at both ends of each bottle served to isolate either bot-
tle from the system when a smaller volume was desired. To insure
uniform composition, each bottle was provided with a jet mixer.
The mixer, a piece of tubing several inches shorter than the
chamber length, was closed at one end and had a series of small
holes drilled through the tube wall, the total area of these holes
being equivalent to the cross-sectional flow area of the tube.
The mixer inlet was attached to the feed line so that the incom-
ing gas could only enter the mixing chamber through the orifices.
At inlet pressures lower than the pressures encountered during
mixing, the gas jets were of more than sufficient extent to reach
the chamber walls; hence, mixing was further enhanced by the tur-
bulence produced by jet impingement on the walls of the chamber.
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The mixing chamber was mounted with its axis horizontal; the
effects of gravity on the uniformity of the composition could be
ignored since the chamber was only 12 inches in height.
From the other end of the mixing chamber a line led to an
atmospheric vent, a vacuum pump, and the pressure gauges used
for composition metering. Gauge savers installed upstream of
each pressure gauge would automatically close if the pressure
would exceed the maximum range of the gauge and served to pro-
tect the gauge in the event of an explosion.
Since the mixing chamber pressure was considerably greater
than the highest pressure to which the detonation vessel was
filled, the flow into the vessel was choked and was determined by
the mixing chamber pressure alone. At an initial pressure of
I00 mm Hg, the filling time, which is proportional to the ratio
of the final vessel pressure to the mass flow rate, was of sev-
eral minutes' duration, which provided sufficient time for ade-
quate control of the pressure. However, since the feed line was
sized for the high initial pressure tests, filling times of less
than I second resulted for the low initial pressure tests. To
circumvent this, an intermediate chamber, also a 2100 cu in. sur-
plus oxygen bottle, was installed in the line between the mixing
chamber and the distribution manifold. After the mixture had
been prepared, a portion of it was transferred at lower pressure
to the intermediate tank which then served as the storage cham-
ber for the low initial pressure tests. The pressure in this
chamber, determined by the change of pressure in the mixing cham-
ber, was adjusted so that the proper filling time could be obtained.
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2.4.2. Selection of Components
A. The Mixing Chamber. As stated before, surplus
oxygen-breathing bottles in sizes of 0.3, 1.2, and 10.5 cu ft,
available commercially, were chosen for use as the mixing cham-
bers. The bottles, made of stainless steel, had a wall thickness
of 40 mils and a maximum working pressure of 400 psia. The size
of the mixing chamber was specified by the requirement that it
contain sufficient mixture for at least three experiments, and
was given by:
Tc
-3W
where V is the volume, p the pressure, T the temperaturep and
the subscripts C and V denote conditions in the mixing chamber
and detonation vessel, respectively. The largest volume required
was 2.2 cu ft and resulted when the chamber was charged to 400
psia at room temperature and the mixture was tested in the 3 ft
diam x 20 ft long chamber at an initial pressure of 100 mm Hg and
initial temperature of S20°R. Consequently, two of the 1.2 cuft
bottles connected in parallel satisfactorily met the storage re-
qui rement s.
B. Composition Control. Explosive mixtures were pre-
pared by evacuating the chamber to several hundred microns Hg,
then filling the chamber first with hydrogen, then with oxygen
and measuring the partial pressure of the hydrogen and the total
pressure of the mixture. Measurements were made by means of two
bourdon tube pressure gauges, with maximum ranges of 300 and
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600 psi and least readings of 1 and 2 psi, respectively. The
gauges were protected with pressure-actuated shut-off valves
which were adjusted to automatically isolate the gauge from the
system when its maximum range was exceeded. Both gauges were
mounted in explosion-proof cases, with blow-out backs, and were
accurate to within 1/4%. Since the mixing chamber was charged to
a total pressure of 400 psi, the minimum partial pressure of hy-
drogen was 200 psi, which could be read with an accuracy of 1/2%
on the 300 psi gauge. The total pressure, read on the 600 psi
gauge, was accurate to 1/2% for all mixture ratios. With this
system, the accuracy with which the concentration of hydrogen
could be determined was within 1%.
The pressure gauges were located in the same cell as the
mixing chamber and observed through a periscope mounted on the
cell door, a 1/2 inch thick steel panel. Due to the rise in gas
temperature which accompanied the filling of an evacuated tank,
after filling was stopped, the gas pressure dropped as the gas
cooled, requiring an additional quantity of gas to maintain the
desired pressure. The metering valves had sufficient sensitiv-
ity to allow the delivery of small quantities of gas with rela-
tive ease, and the entire filling process required about 15-20
minutes with most of this time being necessary for the gas to
cool. Oxygen was not added until the pressure of hydrogen was
constant with time, and the pressure of the final mixture was
allowed to reach a steady value before the mixture was used.
All control valves were equipped with extension handles
which passed through a slot in the concrete wall so that they
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could be operated outside the cell. The slot was covered on
both sides of the wail with 3/4 inch steel plates, the holes in
the plates being smaller in diameter than the coupling to the
valve stem, for safety in the event of explosion.
C. Filter. The molecular sieve used to filter trace
impurities, particularly water, from the test gases possesses
several distinct advantages over other adsorptive desiccants.
Most important, the sieve has a greater drying capacity, espe-
cially at low relative humidities. For example, at 1% relative
humidity, the molecular sieve adsorbs approximately six times
more water than either alumina- or silica-type desiccants, even
under dynamic conditions. In contrast to other desiccants, the
molecular sieve is most efficient under adiabatic rather than
isothermal conditions, eliminating the necessity for cooling the
adsorbent bed. In addition, by proper design of the bed, the
molecular sieve can also be used to adsorb other impurities.
Since the sieve has a much stronger affinity for water, then as
water is adsorbed at the inlet of the adsorbent column it dis-
places other impurities previously adsorbed. However, these im-
purities are then readsorbed further on in the column. If the
column is long enough, these impurities are retained on the ad-
sorbent, rather than re-entering the purified stream.
The general design requirements for the molecular sieve
bed were:
Minimum bed depth 2.5 ft
Maximum superficial 2.0 ft/sec
gas velocity
3O
Minimum bed to pellet
diameter ratio 20:1
Maximum inlet gas temperature IO0°F
Commercial gases can be supplied with a water content much
less than one mole per cent. Since this is considerably less
than the capacity of the adsorbent, the minimum bed depth of 2.5
ft was chosen. In addition, Linde type 4A pellets were used.
These pellets are 1/8 inch in diameter and adsorb molecules of
diameter less than 4 angstroms. The pellet diameter also imposed
a lower limit on the bed diameter, i.e., the bed must have a
diameter greater than 2.5 inches. To insure adequate residence
time and adsorbent surface area, a bed diameter of 4 inches was
chosen, satisfying also the requirement posed by the pellet size.
D. Lines p Valvesp and Fittin[s. All lines, valves,
and fittings which were exposed to the mixture, with the several
exceptions noted previously, were standard autoclave components
made of stainless steel rated for 30,000 psi. Although the com-
ponents were rated at a pressure slightly less than the maximum
pressure expected in the event of an explosion in the mixing
chamber, several factors indicated that they were suitable for
use. First, rupture of the mixing chamber would aid in reduc-
ing the explosion pressure. Secondly, since the rated pressure
was considerably less than the yield strength of the components,
it was doubtful that rupture of the components would result from
an explosion.
To provide adequate capacity over the entire range of oper-
ating conditions, 1/8 inch ID x 1/8 inch wall lines were used.
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Assembly of the components was accomplished by means of threaded
couplings. The couplings provided a metal-to-metal seal which
minimized leak rates t both pressure and vacuum, to an acceptable
level. Care was taken, however D to insure that the sealing sur-
faces were free from scratchesj burrs, and foreign particles be-
fore assembly. The valves were constructed with floating stems
so that their operation did not produce motion of the stem tip
relative to the valve seat.
The lines from the gas cylinders to the manifold which ad-
mitted the component gases to the mixing chamber were 5/16 inch
ID x 1/8 inch wall, 15,000 psi aluminum tubing. Assembly again
was accomplished by a threaded coupling with a metal-to-metal
seal. The line from the manifold to the mixing chamber was also
1/8 inch ID stainless steel and consequently controlled the rate
of flow to the chamber. The size of the feed lines was deter-
mined from an approximate analysis of the transient flow process
during the filling of the mixing chamber and the detonation ves-
sels. These calculations can be found in detail in reference 4.
2.5. I_nition Systems
Three ignition systems were designed and constructed. The
Primacord system provided a high energy source while the hot
plate and spark ignitors were built essentially to study the ef-
fects of weak ignition sources.
2.5.1. Primacord System
A. Description. The ignition system used in this work
consisted of a 2 inch length of 400 grain Primacord initiated by
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a standard No. 6 electric blasting cap.
"Primacord" is a linear detonating cord of fuse used pri-
marily for initiating commercial explosives (7). Basically, it
is a strong flexible cord with a core containing a high explosive,
PETN (pentaerythrite tranitrate) p a non-hygroscopic, crystalline
solid. When Primacord is initiated with a blasting cap, it det-
onates along its entire length at a velocity of approximately
21,000 ft/sec. The core covering, or encasement, comes in many
materials and the quantity of PETN per foot of Primacord varies
for different grades. The Primacord used in the present work had
a core loading of 400 grains of PETN and was covered and end-
sealed with a plastic encasement. For this grade Primacord the
density of the PETN is about I gm/cm 5 and the pressure and tem-
perature behind a detonation wave in such a material are 75 x 103
atmospheres and 5000°K, respectively, while the energy of explo-
sion is 22 BTU for the 2 inch length used in these experiments
(8). The Primacord was located end-on to the blasting cap, which
was initiated by the passage of an electric current of approxi-
mately 0.5 amps.
The Primacord was obtained from the Ensign Bickford Company
of Simsbury, Connecticut, and the blasting caps from the Hercules
Powder Company, Hercules, California. The 2 inch lengths of Prima-
cord were cut at the factory, the ends of each piece being sealed
with plastic caps to retain the PETN within the encasement. The
outer diameter of the Primacord was 0.425 inch while the blast-
ing caps, sheathed in copper, were about 0.25 inch in diameter
and about 1-1/2 inches long.
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Due to the strength of the ignition system and to the amount
of debris produced by fragmentation of the copper sheath of the
blasting cap, tests were performed (a) to determine means of con-
taining the fragments of the blasting cap in order to reduce
damage to the interior surface of the vessels, and (b) to eval-
uate the effects of the blast wave, produced by the Primacord, on
the detonation vessels. Results are described in reference 9.
B. Design of the Primacord Holder. During the pressure
tests it was noticed that large fragments of copper were ejected
from the blasting cap with sufficient velocity to embed them-
selves in the surface of a stainless steel plate placed at a
radial distance of 1 ft from the cap. In order to minimize damage
to the interior surface of the detonation vessel, the blasting
cap was shielded by inserting it in a 1/2 inch wall rubber hose
and enclosing the assembly in a steel cylinder. A steel plate 1/4
inch thick with a 1/32 inch diam hole drilled through it was
placed over the end of the steel cylinder, and the Primacord
placed immediately adjacent to the end plate. It was possible
to detonate the Primacord by means of the shock wave transmitted
through the orifice, and at the same time contain most of the
copper fragments. The initial version of the Primacord holder
with the encased blasting cap is shown in Figure 23. Thin strips
of Scotch Tape passing over the head of the Primacord were used
to hold the high explosive firmly against the hole in the top
plate.
During subsequent use of the holder, however, it was found
that the excessive pressures developed by detonation of the
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blasting cap caused deformation of the walls of the holder. This
resulted in seizure of the threaded parts, making it extremely
difficult to disassemble the holder. This problem was allevi-
ated by modification of the design of the ignition holder, Figure
24. The new design incorporated an increased wail thickness and
uses a bolted, rather than threadedp method of assembly.
Measurements were made in free air to determine the strength
of the blast wave generated by the Primacord at various positions
about the center of the explosion. In particular, measurements
were made along the blasting cap-Primacord axis and at radial
distances from this axis. The pressure transducer, a Kistler
Instrument Corporation, type 601 pressure pickup, was installed
in a stainless steel instrument mount (in which it was shock-
tube calibrated), the mount being bolted to a rigid steel plate
at a height of 3 ft from the ground. The Primacord was held at
the same height on an independent movable support.
Maximum peak pressures were observed in the radial direc-
tion and were found to be 200 psi and 70 psi at distances of 12
and 18 inches, respectively. Since this was less than the 250
psi design pressure, it was concluded that the Primacord explo-
sion would not affect the structural integrity of the detonation
vessels. The maximum pressure measured in the axial direction
at a distance of 6 inches from the Primacord was 250 psi. Al-
though the distance between the ignitor and the end wall of the
vessel was also 6 inches, due to the shielding effect of the mas-
sive Primacord holder, the pressure exerted on the end was less
than the_ above value.
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In spite of the precautions which were taken, it was found
to be virtually impossible to completely eliminate the genera-
tion of copper fragments. A considerable amount of debris was
ejected through the small 1/32 inch orifice separating the blast-
ing cap from the Primacord. The concentration of fragments was
highest at the opposite end of the vessel and, surprisingly
enough, in a band approximately 12 inches wide on the vessel walls
immediately adjacent to the ignitor. While the amount of debris
thus deposited in the vessel was tolerable, requiring only the
occasional cleaning of the vessel interior_ the copper fragments
were highly undesirable because they were capable of damaging
Schlieren windows and pressure transducers by their impact. Dur-
ing the test program several windows were, in fact_ severely cracked
and chipped by copper particles.
2.5.2. Spark Ignitor
Spark ignition was obtained by discharging a 0.2 /dfd capac-
itor_ charged to 6000 volts, across the electrodes of an automo-
tive spark plug installed in the end flange of the vessel. The
circuit diagram is shown in Figure 25. Losses are estimated to
be 50% of the stored energy so that 1.8 joules were deposited in
the mixture.
2.5.3. Hot Plate Ignitor
The "hot plate" ignitor consisted of a hollow cylinder capped
at one end with a thin plate. The closed end was inserted into
the chamber and heated to several thousand degrees F using at
first an acetylene-oxygen torch. The high temperature of the cap
ignited the test mixture.
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Subsequently_ the torch was replaced with an electrical cir-
cuitp consisting essentially of a commercial 2700 watt soldering
unit. The operation of this system was based on the high temper-
atures created by a current of approximately 1S0 amps passing
through the contact resistance of a carbon tip touching the plate.
The main advantage of this system was the relative ease in con-
trolling the heating rate of the plate and the elimination of the
explosion hazard associated with the acetylene-oxygen torch. The
hot plate ignitor is shown in Figure 26 and a typical temperature
time history of the hot plate is presented in Figure 27.
2.6. Instrumentation
Instrumentation of the detonation vessels consisted in part
of piezoelectric pressure transducers located every 2 ft axially
along the inside chamber walls. In addition t a pressure trans-
ducer with sensing direction parallel to the chamber axis was
located at the end of the vessel opposite the ignitors. Addi-
tional instrumentation consisted of ionization probes_ located
in the walls of the vessel opposite the pressure transducers p
thermocouples for temperature measurements in the gas mixture and
the vessel walls p and strain gauges for monitoring the dynamic
response of the vessel.
2.6.1. Pressure Measurements
Since accurate pressure measurements were of crucial import-
ance to the successful performance of the work_ a systematic pro-
gram of performance evaluation of the most advanced commercial
transducers was undertaken prior to the test program. The pressure
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measuring systems included in this investigation were:
Kistler Instrument Company types 601, 601Ap 704,
and 603 piezoelectric transducers, and types
568 and 553 amplifiers;
Atlantic Research Corporation model LD-80MI piezo-
electric transducer; and
Omega Dynamics Corporation type 17 capacitance
pressure sensor.
The performance evaluation involved the determination of the
sensitivity, natural frequency, rise time_ and noise level of the
various transducers. This was done using a dead weight tester
for sensitivity and linearity, and a shock tube for rise time and
sensitivity. Both methods showed essentially the same gain char-
acteristics. In addition tests were performed in a detonation
tube to examine the temperature sensitivity of the transducers.
Detailed results of the performance evaluation program may be
found in Technical Note #9.
On the basis of these experiments, it was concluded that the
Kistler 601A transducerp together with both the 568 and 553 am o
plifiers to cover the entire pressure range, was best suited to
our requirements. Unfortunately, the 601A was found to be ex-
tremely temperature sensitive. Hence_ the 601 transducer, which
has the same natural frequency of 150_000 cps but only one-hal£
the gain of the 601Ap was selected instead and five units were
obtained, as well as a number of 568 and 553 amplifiers. Sev-
eral PZ 14 transducers with PT-6 amplifiers were already on hand
in the laboratory.
The published performance specifications of the transducers
and amplifiers are listed in Table 2.
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Experiments were carried out also to minimize the effects
of gauge mounting on performance. The resulting design, Figure
28, involved the suspension of the transducer within the instru-
ment plug. To increase its mass, the transducer was housed
within a heavy brass mount which, in turn, was inserted into the
standard instrument plug but isolated from it by a number of
0-rings. In this manner the "ringing" of the transducer was re-
duced well below the useful signal. Finally, performance tests
were conducted at temperatures of -180°F. Deviations in the re-
sponse of the transducers from that at room temperatures were
found to be negligible.
Although a total of twelve pressure measuring channels were
available initially, it was found in the course of the test pro-
gram that sufficient signal at the low initial pressure condition
could be obtained only from the Kistler 601 and PZ 14 transducers.
The number of available oscilloscope channels further limited
simultaneous pressure measurements to a total of six.
A further reduction in the number of available pressure
transducers occurred at low temperature, where severe icing con-
tinually shorted the sensors and particularly the cables. How-
ever, the excessive delay which would have resulted from de-icing
the transducers prior to each shot was considered unwarranted and
tests at these conditions were performed with essentially incom-
plete pressure data. Since the data that were obtained--at least
two transducers were always operating satisfactorily--were con-
sistent with other test results, the lack of more detailed infor-
mation was not considered serious.
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A Kistler type PT-6 unit in conjunction with a PZ 14 trans-
ducer was used to measure reflected pressures. An improvement
in the quality of these measurements was obtained by the use of
an £1astronics Corporation "Transductron" electronic compensating
unit. This instrument served essentially to eliminate from the
output of the pressure sensor the "ringing" produced by excita-
tion of the natural frequency of the transducer, which was ap-
proximately 47.5 Kc. When the "Transductron" unit was properly
adjusted, the resulting pressure record yielded a relatively
accurate representation of the applied pressure pulse.
Typical oscilloscope pressure records are shown in Figure
Z9, obtained during detonation of a stoichiometric hydrogen-
oxygen mixture initially at i00 mm Hg pressure. While a signal
similar to the one illustrated provided fairly good accuracy,
at low initial pressures serious problems were encountered with
the pressure transducers as a consequence of the acceleration
sensitivity of the piezoelectric elements. Since the detonation
vessel was essentially a thin-walled cylinder, its response to
the explosion of the Primacord, as well as to the detonation
wave, approached that of an elastic shell rather than a rigid
wall. The subsequent motion of the walls was detected by the
pressure transducers and, at an initial pressure of 100y Hg,
the spurious signal was larger than the useful output. In fact,
it was only because the shock wave signal appeared as a discon-
tinuity compared with the low frequency acceleration induced sig-
nal (to a good approximation, the response of the transducer can
be considered as the linear superposition of the two signals)
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that measurement of the shock pressure was at all possible.
In addition to pressure measurements, signals from the
transducers also provided a convenient check on the detonation
velocities obtained from ionization probes.
Depending on its value, the initial pressure of the mixture
in the vessel was determined using either a 0-760 mm Hg Wallace
and Tiernen precision pressure gauge, a 0-200 mm Hg W_T gaugep
or a McLeod gauge calibrated Pirani system. Vacuum pressure
within the vessel was recorded by a Pirani gauge.
2.6.2. Ionization Gau_es
Measurements of flame velocities were made using a twelve
channel ionization detection system previously developed in the
laboratory (10). The ionization probe, Figure 51, consisted of
a 1/52 inch diam brass electrode inserted through a 1/8 inch diam
teflon insulator which was mounted in a brass housing installed
and vacuum sealed in the standard instrument plug. In operation,
a potential of 70 volts was placed across the gap and changes
in gas conductivity were detected as variations in the gap volt-
age. The output of the probe was fed through a cathode follower
to a high gain amplifier which triggered a thyratron. The thresh-
old level of the circuit was 0.005 volts at the output of the
cathode follower. The thyratron output could be displayed indi-
vidually or, for greater than 1% precision t could be mixed and
displayed on a raster sweep. Howeverp for reasons described be-
low, the raster display was not used in these tests.
Several problems were encountered during the detonation
tests. First, pickup of high frequency noise, characteristic of
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high gain, wide band-pass circuits, was made particularly severe
by the long cables required for instrumentation. This was even-
tually overcome by raising the bias voltage on the thyratron tube
and adequate grounding of the electronics through a trial and
error procedure. Second, the cathode follower circuit was highly
microphonic and, as a result of the high gain of the amplifier
circuits, spurious signals were introduced by the acoustical
noise generated by the explosion and by the accompanying vibra-
tion of the walls of the vessel. Efforts to isolate acoustically
the cathode followers were only partially successful in the elim-
ination of this problem. Thus, it became necessary to observe
ionization signals directly on individual oscilloscope channels.
Since the spurious signals could easily be differentiated from
the real signals, this procedure provided a satisfactory tech-
nique for the measurement of wave velocities although results ob-
tained in this manner were far less accurate than the 1/2% accuracy
associated with the raster sweep. As a further drawback, the
requirement for eight oscilloscope channels reduced the number of
pressure measuring channels available in the laboratory to a total
of six.
During performance of the tests with air it was found that
at low initial pressures the shock wave induced ionization was
of sufficient magnitude to be detected by the ionization probe
circuits. Indeed, calculations based on equilibrium conditions
behind the shock indicated that for the 0.1 mm Hg tests the de-
gree of ionization was considerably larger than the minimum de-
tectable by the ion probe circuits, although for the 1.0 mm Hg
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tests the calculations were inconclusive.
A typical oscillograph of the ionization probe outputs is
illustrated in Figure 30.
2.6.3. Dynamic Strain Measurements
The design of the vessels included sufficient safety factors
for the detonation pressures developed with 100 mm Hg test mix-
tures. For tests at 760 mm Hg initial pressure, however, the
strength of the vessel was known to be marginal. To determine
the initial pressure which would result in detonation pressures
sufficiently high to cause failure of the vessel, dynamic strains
were monitored at critical points on the vessel surfaces during
tests performed with initial pressures intermediate to 100 and
760 mm Hg. In order to minimize the cost and complexity of the
instrumentation, the BLH type SPB2-18-12 semiconductor strain
gauge, which has a gain fifty times greater than that of a stand-
ard SR-4 gauge, was used. The semiconductor unit, consisting of
a temperature compensated P-type silicon crystal element mounted
on a bakelite base, was attached to the vessel by means of EPY
400 epoxy. The gauges were connected at the position where, on
the basis of hydrostatic tests, maximum stress was expected. This
corresponded, for vessel A, to the weld between the 18 inch neck
and the hemispherical cap, and, for vessel CD, to the weld be-
tween the window block and the wall. In addition several gauges
were attached to the cylindrical portion of vessel CD to provide
an experimental verification for the analysis of reference ii,
which describes a method of predicting the cylinder's stress re-
sponse on the basis of a simple dynamic model of the vibrating
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system and an approximate expression for the shape of the blast
loading wave. Details of the method, which were considered too
lengthy to include here, are completely described in reference
11, where it is demonstrated that analytical results compare
satisfactorily with experimental stress measurements.
For the tests with vessel A the strain gauge was used as one
leg of a wheatstone bridge, Figure 32. A typical output is shown
in Figure 33 which shows also the record obtained with the neigh-
boring pressure transducer, located several inches upstream. The
response of the strain gauge, before the arrival of the detona-
tion wave, is due to the wall vibration caused by bending stresses
induced by the compressed gases behind the wave as well as oscil-
lations produced by the Primacord explosion. Figure 34 shows
the peak dynamic stress plotted as a function of initial pressure
and indicates that the yield stress may have been exceeded at
760 mm tlg.
For tests with vessel CD a constant current circuit, Figure
35, was used. A typical strain record is shown in Figure 36 and
peak dynamic stress at the critical location is plotted against
initial pressure in Figure 37.
2.6.4. Temperature Measurements
Initial temperature of the test gas mixture was measured by
means of two copper-constantan thermocouples, Thermo-Electric
Company type Ce S 16-18-Dt, inserted into the vessel through
appropriately drilled instrument plugs located at each end of the
vessel to an approximate depth of 4 inches. Vessel wall tempera-
tures were monitored by 20 copper-constantan thermocouples,
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Honeywell type 9B1T4, attached with epoxy to the vessel surface.
Since the semiconductor strain gauges employed for dynamic stress
measurements are highly temperature sensitive t six additional
thermocouples indicated temperatures immediately adjacent to these
devices.
2.6.5. Schlieren System
Observations were made by a double mirror Schlieren system
whose main components are shown on the schematic diagram of Fig-
ure 38. The two 12 inch diam spherical mirrors, M1 and M2,
of 155 inch focal length, provide the collimated light beam
through the test section which then focused at the knife edge,
KE. The test section was focused on the film plane, FP, by the
condenser lens, L5. Deviations of the light beam caused by den-
sity gradients produced by disturbances in the field of view,
led thus to a local increase and decrease in light intensity on
the film plane, depending on the exact geometric arrangement of
the system.
Schlieren light was supplied by the light source, LS. The
condenser lens, L2, focused this light at an opening, S, which
then acted as a point light source for the system. Initial ad-
justment was produced by means of an ordinary projector lamp, PL,
located in such a fashion that the condenser, LI, focused the
filaments of the lamp directly on the two electrodes of the light
source, LS.
An air spark discharge light source was used, consisting of
two 1/4 inch diam tungsten electrodes mounted on the same axis,
with the gap separation between them maintained at approximately
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1/8 to 3/16 inch. The discharge energy was supplied from an 1800
joule delay line circuit which produces a rectangular pulse of
light for a duration of I msec. The breakdown of the air gap was
achieved by raising momentarily the potential of a third trigger-
electrode to 15 KV.
Photography was accomplished using the Southern Instruments
model M 1020 rotating drum camera with a maximum writing speed
of 2500 inches/sec. Seventy millimeter Tri X film with an ASA
rating of 400 was used to record the process.
Detailed information on the Schlieren system is presented
in reference 12, while a complete description of the light source
can be found in reference 15.
2.7. Test Procedure
Schematic drawings of vessels A and CD are shown, respec-
tively, in Figures 39 and 40, which show the location of the in-
strumentation, installed at 2 ft intervals along the length of
the tube, with respect to the ends of the vessel and to the
ignitor. Pressure transducers and ionization probes were located
in the same axial position, but separated by 180". For conven-
ience, the instrument locations were numbered consecutively start-
ing with position closest to the ignitor.
The experimental apparatus is shown schematically in Figure
41, while a block diagram of the instrumentation is presented in
Figure 42. The detonation vessel was evacuated, then filled with
combustible mixture to the desired pressure as indicated on the
Wallace and Tiernan pressure gauge. The vessel was isolated
from the mixing chamber by a 30,000 psi valve immediately adjacent
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to it. Evacuating the gas feed line served to prevent flashback
in case of failure of the valve. Final adjustments to the in-
struments were made and personnel were evacuated from the test
area when a warning signal was sounded. Following this, the ig-
nitor was actuated electrically from a protective enclosure.
Then, the ball valve isolating the vacuum pump from the detonation
vessel was opened and the combustion products were evacuated, pre-
paring the vessel for the next test.
Wave velocities were measured by displaying signals from
eight ionization probes on an eight channel oscilloscope, Tek-
tronix type 551, with two type M plug-in units. The pressure
transducer signals were displayed on two Tektronix type 533-A os-
cilloscopes, with types B and M plug-in units, providing a total
of six measuring channels. This arrangement was subject to some
variation, depending on the availability and state of repair of
the equipment. Permanent oscilloscope records were obtained with
Polaroid Land cameras. An amplified signal from the ionization
probe adjacent to the ignitor served as trigger for all three
oscilloscopes.
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5. DETONATION TESTS
3.i. Data Reduction Method and Estimation of Errors
Due to the explosive nature of the Primacord ignitor, pre-
detonative phenomena were essentially eliminated. At high ini-
tial pressures, an overdriven detonation was established almost
immediately while at low initial pressures, where the Primacord
energy was significant compared to the energy content of the re-
active gases, a strong blast wave was generated. In both cases,
then, the observed process consisted basically of a wave front
which decayed in strength as it propagated along the length of
the vessel. For this reason the experimental results are pre-
sented, in Figures 44 to 91, in the form of wave velocity and
peak wave pressure plotted as a function of distance from the ig-
nitor. For comparison the corresponding C-J parameters, obtained
from reference 5, are also shown. To provide an estimate of the
overpressures developed in the hydrogen-oxygen mixtures, the var-
iation in shock velocity and pressure obtained from blank shots
in air have been included with the room temperature results. Al-
though for other initial temperatures air shock wave velocities
and pressures are available only at the farthest position from
the ignitor, these measurements together with the room tempera-
ture data provide sufficient information to assess the overpres-
sures generated by the reactive mixtures over the entire range
of environmental conditions.
The problems associated with the microphonic pickup of the
ionization detection circuit, described in Section 2.6, precluded
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the use of the raster sweep display of the signals. The use of
individual oscilloscope channels in place of the raster resulted
then in significant uncertainties in the flame velocity measure-
ments, depending on the initial pressure. To compensate for the
reduced accuracy, which in large part resulted from errors in
reading the oscilloscope record, an improved method of data re-
duction was developed.
Initially, reduction of the data consisted primarily of
reading time intervals between the signals from the ion gaps and
pressure transducers, which were permanently recorded by a Pol-
aroid Land camera on 2-1/2 x 3-1/2 inch positive prints. The
wave velocity, V_, was given then by the ratio _/_r , where
AX is the separation between instruments, and At the measured
time interval. Since 6K can be measured with negligible error,
the accuracy of the velocity calculation, given to the first ap-
proximation by &v,/v, = 2gt/A% is determined by the precision,
_1 , with which the time axis of the record can be resolved.
For example, if consecutive signals are separated by 1 cm on the
record and the beam width is 0.5 mm, the accuracy of the calcu-
lated velocity is -+5%.
To minimize the error and eliminate at the same time the
zigzag velocity distribution associated with it, the time of ar-
rival of each signal, measured from a common origin and includ-
ing the uncertainty, _t , was plotted against position of the ion
gauge on the space-time plane, determining in essence the flame
world-line, i.e., its trajectory in the t-X diagram such as that
of Figure 45. Since the characteristic length of local changes
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in the process should be much smaller than the distance between
instruments, a smooth curve could be drawn through the points,
within their regions of uncertainty, from which average wave
velocities over each interval were then deduced by differentia-
tion. In this manner local variations could be recognized as
abrupt changes in the shape of the world-line.
In order to insure the validity of the results, a minimum of
two tests were performed at each condition. When necessary, ad-
ditional tests were performed to establish the pressure measure-
ments within an accuracy of 25_. However, the considerable range*
of measurements indicated by the vertical bars in Figures 44 to
120 showed that, in general p reproducibility was poor. This is
attributed primarily to variations in the initiating process, as
evidenced by the fact that the relative spread of data became
greater at lower initial pressures where the explosive energy of
the Primacord ignitor was significantly large in comparison with
the chemical energy of the reactants.
It was intended originally to check the detonation veloci-
ties deduced from the ion probe signals with those calculated
from time intervals measured between successive pressure trans-
ducers. However, velocities based on pressure records were con-
sistently larger than those determined from the ionization gauges,
the difference often exceeding the uncertainty in the two measure-
ments. This discrepancy cannot be explained on the basis of such
*Here the term range denotes the maximum uncertainty in the
observed quantity including both the inaccuracy in the individual
measurement and the maximum difference between a group of meas-
urements.
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effects as tilting of the wave front with respect to the axis
of the vessel, and, as yet, remains unsolved. Since the ion gaps
were considered more reliable, the flame velocities presented in
Figures 43 to 91 are restricted to these data, with the excep-
tion of the +200 and -50°F tests where both measurements are
shown to illustrate the differences between the two.
A typical pressure transducer oscillograph is illustrated
in Figure 29. Accuracy of pressure measurements was affected by
three factors. First, it was unlikely that the sharp spike pres-
ent in the initial signal represented an actual pressure, but
rather it was characteristic of the response of the transducer.
Second, the oscillation of the signal following the initial pulse,
caused in all probability by the ringing of the transducer, often
degraded the readability of the records. Last, at low initial
pressures the magnitude of spurious signals generated by the vi-
bration of the vessel walls was comparable to the true signal,
thus obscuring the latter seriously. On the basis of calibration
tests performed with the transducers, it was estimated that the
accuracy of the pressure measurements ranged from 5-10% for i00
mm Hg initial pressure tests to 25-50% for the 0.1 mm Hg condi-
tions. The shock tube calibration also provided correction fac-
tors applicable to the nominal response characteristics of the
transducers.
3.2. Experimental Results
Measured wave velocities and pressures are plotted against
distance from the ignitor in Figures 44 to 67, 68 to 77, and 78
to 91 for the 2 x 20, 3 x 20, and 2 x 40 vessel, respectively.
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Since for nearly all conditions the wave properties were observed
either to decay with distance or to remain relatively constant,
the measurements obtained at the last instrument position were
chosen for comparison with the corresponding C-J parameters,
whose values have been indicated on the figures.
It should be noted that results of the 10 mm Hg initial
tests are inconclusive with respect to the establishment of a
steady wave, since the room temperature results in the 20 ft ves-
sel indicate that such a wave is formed, while tests in the 40 ft
vessel indicate a decaying wave whose velocity at the end of the
tube is less than the C-J velocity. The results are further ob-
scured by an inconsistency in the two sets of experimental data,
wherein the wave velocity at the beginning of the second half of
the 40 ft vessel exceeds that at the end of the 20 ft vessel. In
addition, the apparently good agreement between experimental and
theoretical velocities at 1 mm Hg initial pressure is entirely
coincidental and, as shown later, a consequence of the method of
ignition.
Tests at an initial pressure of 0.i mm Hg were performed at
room temperature only. As a consequence of the strong ignition,
wave velocity and peak pressure, while considerably in excess of
the corresponding C-J values, were nearly the same as those in
air. In view of this, and since the wave pressures were of the
order of only a few mm Hg, it was concluded that these results
would not contribute information of significant value to the ob-
jective of the overall program. On this basis, 0.I mm Hg tests
at other initial temperatures were excluded from the remainder
of the experimental schedule.
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Test results of the complete program are discussed below.
3.2.1. 2 ft diam x 20 ft long Vessel
3.2.1.1. Room Temperature Tests
A. I00 mm H_ initial pressure
Figures 44 and 45, respectively, show wave veloci-
ties and peak pressures developed in the four test media at an
initial pressure of 100 mm Hg. Steady detonation in the reactive
mixtures was established at a distance of from 8 to 12 ft from
the ignitor, varying slightly with composition, although the wave
velocity was 5-7% less than its theoretical value. The peak pres-
sures developed in equimolar and stoichiometric mixtures decayed
along the length of the vessel acquiring, at the last position,
values in agreement with the theoretical C-J pressures. In con-
trast to this, an increase in pressure over the wave path was
observed in 3H 2 + 02 mixtures, from 25 psia at the initial point
of measurement to 32.5 psia, or nearly 7% below C-J pressure, at
the last position.
Results of the blank shots show both velocity and pressure
of the air shock wave generated by the Primacord explosion are
roughly 4 times less than those corresponding to the detonation
in the reactive mixtures.
B. 10 mm Hg initial pressure
Velocities measured at 10 mm Hg initial pressure,
Figure 46, exhibited characteristics similar to those observed
at 100 mm Hg: after an initial decay a steady wave formed at a
distance of about I0 ft from the ignition point, although the
average velocities were from 3 to 12% below C-J values. Measured
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peak wave pressures, Figure 47, were in good agreement with the
theoretical C-J pressure in equimolar mixtures. Pressures meas-
ured in 21{2 + 02 and 3H 2 + 02 mixtures exhibited, however, a grad-
ual decay from the point of ignition and at the last position
were 16 and 26%, respectively, above the theoretical values.
With the reduction in initial pressure from i00 to I0 mm fig,
the air shock wave generated in the blank shots becomes stronger,
with both velocity and pressure now half as large as their cor-
responding values in the reactive mixtures.
C. 1 mm Hg initial pressure
The measured wave velocities, Figure 48, indicated
that a steady wave was not established within the available 20 ft
of travel since at the end of the vessel the velocities were still
decaying although, coincidentally, they were in good agreement
with the C-J values. Average pressures, Figure 49, however, were
about twice the corresponding C-J values at the last position and
also showed a tendency for further decay.
At this initial pressure, both the velocity and pressure of
the air shock wave are comparable in magnitude to those observed
in the hydrogen-oxygen mixtures. This indicates the significant
influence of the initiating blast on subsequent wave propagation
and suggests that appreciable chemical reaction does not occur
even in the shock compressed medium.
D. O.i mm HS initial pressure
Both wave velocities, Figure 50, and peak wave pres-
sures, Figure 51, are nearly independent of the composition of the
hydrogen-oxygen mixtures and exceed the corresponding C-J values
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by 1.5-2.0 and 6-10 times, respectively. Similar to the 1.0 mm
Hg tests, results of blank shots are nearly identical to those
obtained with the reactive mixtures. Included in Figures 50 and
51 are results of calculations based on one-dimensional blast
wave theory. A more detailed discussion of these calculations
is presented in Section 5.5.5.
3.2.1.2. +200°F Tests
i
A. 100 mm H_ initial pressur e
Figures 52 and 55, respectively, show wave veloci-
ties and peak pressures as a function of distance from the ignitor
in a 3H 2 + 02 mixture. The wave velocity plot, Figure 51, shows
measurements based on both the ionization probes and the pres-
sure transducers. Both measurements are in good agreement with
the theoretical C-J value, although results obtained from the
pressure transducers are about 4% higher than those determined
from the ion probe data. In contrast to the room temperature
tests, a steady wave is established less than 5 ft from the ig-
nitor.
The peak pressure measurements, Figure 53, show the same
trend of a gradually increasing pressure observed for the room
temperature tests. Within the experimental accuracy, the peak
pressures recorded at distances 13.5 and 15.5 ft from the ignitor
agree with the theoretical C-J values, although the average meas-
ured pressure is 7% less.
B. i0 nun H_ initial pressure
Measured wave velocities, Figure 54, show evidence
of an initially overdriven wave, although a steady wave is
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apparently established at a distance 10 ft from the ignitor.
Again velocities based on the pressure transducers are 4% greater
than those obtained from the ion probe measurements, although
both are again in good agreement with the theoretical C-J value.
The variation of peak wave pressure along the length of the
vessel, Figure 55, is similar to that observed for a 3H 2 + 02
mixture at room temperature. In contrast to the velocity meas-
urements, however, the peak pressure recorded 17 ft from the ig-
nitor was about 20% in excess of the C-J pressure.
C. 1.0 mm H_ initial pressure
Both the magnitude of the measured wave velocities
and pressures, Figures 56 and 57, respectively, and their varia-
tion along the length of the vessel were quite similar to those
observed at room temperature. This demonstrates again that the
Primacord explosion plays a prominent role in the subsequent
wave propagation at initial pressures below 10 mm Hg.
3.2.1.3. -50°F Tests
A. 100 mm H_ initial pressure
Figure 58, showing wave velocity plotted along the
length of the vessel, indicates a steady wave is established
within 10 ft of the ignitor, in agreement with previous results
for a 5H 2 ÷ 0 2 mixture. The wave velocity is now, however, sev-
eral per cent greater than the corresponding C-J value and again
measurements based on the pressure transducer records are about
4_ higher than those determined from the ion probe signals.
Figure 59 shows that the peak wave pressure remains rela-
tively constant over the span of the vessel, although pressure
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measurements were not available over the last ? ft of travel.
In contrast to results at higher temperature, however, the wave
pressure is larger than the theoretical C-J pressure, exceeding
it by approximately 20%.
B. 10 mm Hg initial pressure
Wave velocity measurements, Figure 60, are in agree-
ment with results at higher initial temperatures, indicating the
establishment of a steady wave at a distance of 8-10 ft from the
ignitor and showing the same discrepancy between the pressure
transducer and ionization probe data. The steady wave velocity
is about 5% less than the C-J value for a 3H 2 + 02 mixture. Be-
cause of icing problems discussed earlier, only two pressure meas-
urements are available, Figure 61, both at positions less than
10 ft from the ignitor.
C. 1.0 mm H_ initial pressure
Results, Figures 62 and 63_ are similar to those
obtained at higher initial pressures, showing gradual decelera-
tion of the wave along the length of the vessel. Pressure meas-
urements are again restricted to two transducers, both indicating
pressures nearly twice as large as the theoretical C-J value.
3.2.1.4. -180"F Tests
A. 100 mm H g initial pressure
At an initial pressure of 100 mm Hg and initial
temperature of -180°F, it was possible to generate detonation in
the three hydrogen-oxygen mixtures with the spark ignitor. Conse-
quently, tests with the Primacord ignitor were not performed at
this condition.
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Figure 64, the wave velocity measurements, indicates the
establishment of a steady wave at a distance of 5-7 ft from the
ignitor and shows in each case that the experimental velocity is
within several per cent of the corresponding C-J values. The peak
wave pressures, Figure 65, are also relatively constant over the
last 15 ft of travel, but are roughly 1/3 to 1/2 larger than the
C-J pressures.
B. 10 mm.H_ initial pressure
The variation of wave velocity along the length of
the vessel, Figure 66, is similar to that observed at higher ini-
tial temperatures, with a steady wave established within 10 ft of
travel from the ignitor. For each mixture, however, the steady
wave velocity was 10-14% less than the corresponding C-J value,
the largest discrepancy occurring for the equimolar mixture. In
addition, for a stoichiometric hydrogen-oxygen mixture the wave
velocity increased slightly near the end of the vessel. The pres-
sure transducer records, which were much more difficult to inter-
pret at the -180°F condition, indicate peak pressures, Figure 67,
ranging from 30 to 50% greater than the theoretical C-J pressures
over the last I0 ft of the vessel.
5.2.2. 3 ft diam x 20 ft long Vessel
Tests in the 3 ft vessel were restricted to room temperature
experiments in equimolar mixtures at initial pressures ranging
from 760 to 0.1 mm Hg. Taking into account the increased diameter,
results are similar to those obtained in the 2 ft vessel.
Wave velocities and peak pressures for the 760 mm Hg test
are shown, respectively, in Figures 68 and 69. Although a steady
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wave would be expected, the velocity measurements, Figure 68, are
erratic, varying from 1 to 3% less than the C-J velocity. The
peak wave pressures, Figure 69, are more nearly constant, although
approximately 4% less than the C-J pressure.
Results at 100 and 10 mm tiE, shown in Figures 70 and 71 and
Figures 72 and 75, respectively, are in good agreement with those
obtained in the 2 ft vessel and are not discussed further. At
1.0 and 0.1 mm Hg initial pressure, test results, shown in Fig-
ures 74 and 75 and Figures 76 and 77, respectively, are similar
to those for the 2 ft vessel although, due to the increase in tube
diameter, both wave velocity and pressure are slightly smaller
than obtained previously.
5.2.5. 2 ft diam x 40 ft lon_ Vessel
Tests in the 40 ft vessel were restricted to equimolar mix-
tures initially at room temperature and at initial pressures
ranging from 600 to 1.0 mm tlg.
Due to the limited number of instruments available, meas-
urements in the 40 ft vessel were restricted to the last 20 ft,
since it was felt that they could be combined with the results of
tests in the 20 ft vessel to provide a complete set of data over
the entire span of the detonation tube. As shown below, this
procedure was not particularly successful.
At 600 mm Iig, tests were performed with both Primacord and
spark ignition and results are shown in Figures 78 and 79 and
Figures 80 and 81, respectively. With Primacord ignition, wave
velocities, Figure 78, were constant at each instrument position,
although, while the measurements based on the ionization probes
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were in agreement with the C-J velocity B those based on the pres-
sure transducers were 8% higher. On the other hand, with spark
ignition, Figure 80, the pressure records indicated a constant
velocity 3% greater than the C-J value while the ion probe meas-
urements did not indicate a steady wave. In both instances the
peak wave pressures were not constant along the length o£ the ves-
sel, with slightly larger pressures evident in the case of spark
ignition.
At an initial pressure of 400 mm Hg s the velocity measure-
ments, Figure 82, made with pressure transducers and ionization
probes were in agreement, although both indicated an overdriven
wave over the distance from 25 to 58 £t from the ignitor. This
is somewhat surprising since previous results in the 20 £t ves-
sel would indicate that a steady wave should have been established
earlier. Peak wave pressures, Figure 85, are again less than the
C-J pressure, by amounts ranging from 50% at a distance 25 £t
from the ignitor, to 15% at 37 ft from the ignitor.
Wave velocity measurements at 200 mm Hg initial pressure,
Figure 84, again indicate an overdriven wave which steadies out
to the C-J velocity at the end of the vessel. Again, however,
measurements based on the pressure transducers are about 7%
higher than the velocities deduced from the ionization probes.
The peak wave pressures, Figure 85, £ollow roughly the same
trend observed at higher initial pressures and are 10 to 15% less
than the C-J pressure.
Tests in the 40 ft vessel gave the first indication that a
steady wave cannot be sustained at an initial pressure of 10 mm Hg.
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At this condition both wave velocities, Figure 86, and peak pres-
sure p Figure 87, continually decay over the distance from 20 to
40 ft from the ignitor and are significantly less than the C-J
values at the end of the vessel.
The 1.0 mm Hg initial pressure tests, however, yielded re-
sults in contradiction to those above as well as the previous re-
sults in the 20 ft vessel. The wave velocity measurements, Figure
88, indicate that a steady wavep which propagates at the C-J
velocity, is established 50 ft from the ignitor. The peak wave
pressures, Figure 89, are about 75% greater than the C-J pressure
over the last 8 ft, although it falls abruptly to the C-J value
at the end of the vessel. These results, together with those ob-
tained in the 20 ft vessel, Figures 48 and 49, are replotted in
Figures 90 and 91. These diagrams, in particular the wave veloc-
ity measurements, Figure 90, show quite clearly that the results
of the two tests do not match. This suggested the possibility
that, in spite of precautions taken during fabrication, an ir-
regularity may have existed at the junction between the two 20 ft
sections, which, in turn, could have disturbed the process. How-
ever, the results of later tests, performed under conditions
which were felt to be more sensitive to variations or discontinui-
ties in the cross-sectional area, did not support this premise.
3.3. Discussion of Results
3.3.1. Reliability of Pressure Measurements
In addition to providing a basis for estimating the overpres-
sures in hydrogen-oxygen mixtures, the Primacord shots in air were
useful in establishing the reliability of the pressure measurements.
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As stated earlier, wave velocities and pressures in the reactive
mixtures were observed to decay slightly or remain relatively
constant over the latter portion of all the vessels used in the
test program. Consequentlyp the parameters measured at the last
position in the vessel were chosen for comparison with the prop-
erties of the theoretical C-J state. Velocities measured at the
end of the 2 x 20 vessel are plotted against initial pressure in
Figure 92 for all four test media. The air data are replotted in
Figure 93, which includes also the results of blank shots in the
3 x 20 vesselp the difference between the two arising from the
change in tube diameter.
Using the experimental velocities shown in Figure 92 for air,
the corresponding pressures were calculated from the normal shock
relations :
C1)
where _ and P__ are the upstream and downstream pressures, re-
spectively, _1 is the upstream Math number of the shock, and
= b._, the specific heat ratio. The results of these calcula-
tions are plotted in Figure 94 together with the pressures meas-
ured at the last instrument position.
A similar comparison was made between the experimentally
measured reflected pressure and those computed from the incident
shock velocity in air, using the following relation between inci-
dent pressure, _ , and reflected pressure, _ (14):
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where p_= _-Iis the initial pressure and = O.l_'_ : 1.4-
denoting the ratio of specific heats. Results o£ the calcula-
tions, together with measured reflected pressures, are shown in
Figure 95.
These plots, Figures 94 and 95 t show that at initial pres-
sures above 1 mm Hg, agreement between calculated and measured
pressures was within the experimental accuracy. For initial pres-
sure 1 mm Ilg and less, measured pressures were in some cases
slightly less than those calculated from the shock velocity al-
though, in general_ a fair agreement between the two was obtained.
A similar check was performed for the other initial tempera-
ture conditions where p however, measurements were restricted to
the pressure behind the incident shock wave at the last instru-
ment position. Results 0 shown in Figure 96 for initial tempera-
tures of +200 and +70°F (repeated here for direct comparison) and
Figure 97 for initial temperatures of -50 and -180°F, show that
in most cases the measured and calculated values agree to within
the experimental accuracy. The results of the blank shots then
demonstrate the consistency of the pressure measurements and es-
tablish a reasonable level of confidence in the results obtained
with the reactive mixtures.
3.5.2. Influence of Primacord I_nitor
The influence of the blast wave generated by the Primacord
ignitor on the subsequent wave propagation process can be observed
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in Figure 93, where wave velocities measured at the last position
in both the 2 x 20 and 3 x 20 vessels have been plotted as a
function of initial pressure for air and the equimolar hydrogen-
oxygen mixture. The air curves show clearly the effect of the
size of the vessel on the strength of the shock wave in a chemi-
cally inert medium. For the reactive mixture at initial pressures
above 10 nun Hg, the wave velocity is independent of the size of
the vessel, indicating that the wave propagation process is domi-
nated by the chemical reaction which it initiates. It is of in-
terest to note that while the velocities in the two vessels are
nearly identical at these conditions they are both about 7% less
than the corresponding C-J values. The constancy of the wave
velocity over the last few feet of travel and the fact that the
size of the vessel has no apparent effect on it, would seem to
indicate that a stead F detonation can be sustained at an initial
pressure of 10 mm Hg, although both the velocity deficit and the
results with the 40 ft vessel tend to contradict this. This point
remains unresolved.
At an initial pressure of 1.0 mm Hg, the wave velocity in
both vessels, and in particular in the 2 ft vessel, is slightly
larger than what would be expected from extrapolation of the re-
sults at high initial pressures. Since the inert shock veloci-
ties are already quite large at this pressure, it is difficult
to assess to what extent chemical reaction proceeds in the hydro-
gen-oxygen mixture, although, on the basis of results with 2H 2 +
02 and 3H 2 + 02 mixtures in the 2 ft vessel, Figure 92, it appar-
ently does contribute to the wave propagation.
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At an initial pressure of 0.1 nun Hg the wave velocities in
each vessel are nearly identical to those of the air shocks indi-
cating clearly that the Primacord explosion completely dominates
the wave process. This is further substantiated by measurements
in 2tt 2 + 02 and 5t12 + 02 mixtures in the 2 ft vessel, Figure 92.
It appears then that the effects of the Primacord explosion be-
come significant at an initial pressure o£ a few mm Hg. This
also explains the apparent agreement between experiment and theory
at an initial pressure of 1.0 nun Hg. By sheer coincidence, the
blast wave generated by the Primacord at this condition acquires
a velocity, at the end of the 20 £t vessel, which is comparable
to the C-J velocity.
3.3.3. One-dimensional Blast Wave Theory,
On the basis of the foregoing discussion an attempt was made
to rationalize the results obtained at low initial pressures by
means o£ one-dimensional blast wave theory. Assuming a perfect,
inviscid gas, the one-dimensional equations o£ conservation o£
mass, momentum, and entropy, valid in the region bounded by the
blast wave, are given by (15):
+ =0 C3)
where _ is the density o£ the gas, _ the pressure, _ the particle
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velocity t _ the specific heat ratio s and the independent var-
iables f and 11 stand for distance and timej respectively.
For intense blasts only E, a function of the energy release,
and _l ' the initial gas density, affect the motion and the inde-
pendent variables are so related that the above equations can be
reduced to ordinary differential equations for which exact self-
similar solutions are possible. The boundary conditions which
have to be satisfied are that the particle velocity remain zero
at the origin and that the Rankine-Hugoniot equations are satis-
fied across the shock front. For intense blasts the above equa-
tions reduce to the following (15):
z C C6)
Llz - _÷I
where
ditions ahead of and behind the shock.
The motion of the shock front is given by (15j 16):
,= (E-5t
C is the shock velocity and subscripts | and __ identify con-
(9)
from which the shock velocity can be found:
(10)
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Substituting Eq. I0 into Eq. 8 yields finally an expression
for the pressure, p__ , behind the shock wave:
p - s E/r9 _+t (II)
which is independent of the initial pressure, p, .
The value of __used in the above equations is given by (13):
where E_/Arepresents the energy release per unit area, and the
constant o(= o_C_ )is determined from the assumption that the total
energy of the medium disturbed by the wave is invariant. For
= Io4 it is found that o<-- I.o_ (reference 16).
The results of the blast wave theory are not directly appli-
cable since the analysis assumes a plane explosive source, whereas
the Primacord ignitor closely resembles a point source. Thus in
the immediate vicinity of the ignitor, the initial shock wave is
spherical in nature and the one-dimensional analysis would be
applicable only at some distance from the ignitor. In addition,
the blast energy absorbed by the vessel walls and the ignition
holder has not been taken into account.
A number of investigators (see, e.g., Glass (15) and Brode
(17)) have pointed out that, although the explosion is influenced
by its initial history, the shock wave decay can be expressed
eventually by inverse laws of the type given in Eqs. i0 and Ii.
Hence the parameter _/[ was adjusted by a scaling factor,]_ ,
67
to provide a satisfactory fit between the calculated peak pres-
sures and those measured in air at an initial pressure of 0.i mm
Hg. The value of B was found to be 0.22. Since, at this condi-
tion, the pressures measured at the last instrument position were
nearly identical for all four test media, agreement with calcu-
lated pressures in the hydrogen-oxygen mixtures was obtained also,
Figure 51. This result is in agreement with Eq. II, which shows
that the blast pressure is independent of initial gas density.
The wave velocities calculated on the basis of _-o.a_did
not provide as good an agreement with experimental data as did
the pressures, yielding values within 20-50% of the velocities
measured at the last position in the vessel, Figure 50. Further-
more the calculations for air were less than the measured veloc-
ities while those for the hydrogen-oxygen mixtures were greater
than tile observed values, indicating the limited applicability of
the theory.
3.3.4. Correlation of Results
A check similar to that performed with the results of the air
shots was carried out for the pressures measured in the reactive
gas mixtures. For the room temperature tests with H2 ÷ 02 mix-
tures, incident peak wave pressure, measured at the last position
in the vessel, and reflected wave pressure are plotted as a func-
tion of initial pressure in Figures 98 and 99, respectively. Re-
sults in both the 2 and 5 ft diam vessels are shown and included
also are the theoretical C-J pressures and the pressures calcu-
lated from the velocities of Figure 92, assuming a non-reactive
shock wave.
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At initial pressures of 100 and 10 mm fig the experimental
measurements are somewhat greater than the theoretical pressures.
In addition, for the 10 mm Hg test in the 3 ft vessel the meas-
ured pressure exceeds even that calculated for a non-reactive
shock. At initial pressures of 1.0 and 0.i mm Hg, the 2 ft ves-
sel data are in fair agreement with the non-reactive shock pres-
sures while the data from the 3 ft vessel again exceed the
calculated shock pressures.
Curves of incident and reflected pressures as a function of
initial pressure are plotted in Figures i00 and 101 and Figures
102 and I03 for 2H 2 + 02 and 3H 2 + 02 mixtures, respectively.
They include also the C-J pressures and those calculated from the
velocities of Figure 92 for a non-reactive shock. At initial
pressures of 100 and i0 mm Hg, the figures show a similar com-
parison between measured pressures and the corresponding C-J val-
ues as observed for H 2 + 02 mixtures while at lower initial
pressure the experimental data exceed slightly the non-reactive
shock pressures. This trend was observed, in fact, for all tests
and is somewhat surprising, since the air shots, which served
also as a calibration of the transducers, showed that the pres-
sure pickups indicated slightly lower pressures than those cal-
culated from the shock velocity. For direct comparison with
results of tests at other temperatures, Figure 92 has been re-
plotted in Figure 104 where now the velocities based on the
pressure transducers have been included with the ion probe meas-
urements. In addition, Figures 98-103 have been combined into a
single diagram, Figure 105, where the non-reactive shock calcu-
lations have been omitted.
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Similar diagrams of wave velocity and peak incident wave
pressure plotted as a function of initial pressure for the +200,
-50, and-180°F tests are presented, respectively, in Figures
106 and 107, Figures 108 and 109, and Figures 110 and iii. In
general, the agreement between experiment and theory is similar
to that observed at room temperature although the discrepancies
are somewhat larger and it becomes apparent that the measurements
are less consistent at the lower initial temperatures. This is
indicated more clearly in the plots of wave velocity and wave
pressure versus initial temperature which are shown in Figures
112 and I13, Figures 114 and 115, and Figures 116 and 117 for the
i00, i0, and 1.0 mm Hg tests, respectively.
A final correlation presenting wave velocity and wave pres-
sure as a function of hydrogen concentration is given in Figures
118 and 119 and Figures 120 and 121 for the +70 and -180°F ini-
tial temperature tests. Since only the 100 and 10 mm Hg initial
pressure tests provided evidence of steady wave propagation, they
are the only results included. These figures illustrate quite
clearly that in general the measured velocities are lower than
the theoretical C-J values, with the differences becoming larger
at lower initial pressures where it is unlikely that detonation
is self-sustaining. The measured pressures, however, which are
in fair agreement with theory at room temperatures, exceed the
corresponding C-J values by as much as 50% at the low initial
temperature conditions. While the few exceptions to this may not
be significant, they prevent any specific conclusions from being
reached. On the basis of the present data it is difficult to
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attribute the observed discrepancies to any particular cause
such as wall effects or wave structure. In fact, because of the
large diameter of the vessel, boundary layer effects should be
minimized leading to a smaller velocity deficit than observed in
conventionally sized laboratory equipment. However, in view of
the excessive wave pressures, which are approximately 50% larger
than the C-J values at low initial temperatures, it is felt that
further investigation is warranted, particularly at low tempera-
tures where the effect is most pronounced.
3.3.5. Schlieren Ph0to_raphs
To supplement the velocity and pressure measurements de-
scribed above, several photographs of the wave process were ob-
tained using the streak Schlieren technique. Optical observations
were restricted to the 100 and 10 mm Hg initial pressure tests,
since the sensitivity of the Schlieren system was inadequate at
lower pressures. In addition, on the basis of the velocity and
pressure measurements it was concluded that the process was not
altered significantly by changes in the initial temperature.
Consequently, the Schlieren observations were further restricted
to the room temperature tests.
A typical Schlieren record, representing the space-time his-
tory of the wave process in a 3H 2 + 02 mixture initially at 100
mm Hg is shown in Figure 122. The abscissa represents the dis-
tance along the axis of the vessel and the ordinate denotes the
time while the field of view was 18 ft from the Primacord ig-
nitor. The photograph shows a steady detonation wave propagat-
ing to the right, depicted by the dark diagonal line emanating
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from the origin and, approximately 0.7 msec laterp the reflected
shock was traveling to the left. The wavy appearance of the det-
onation and the short bright streaks which follow it are mani-
festations of wave structure usually observed under these condi-
tions.
The complete space-time diagram of this test is shown in
Figure 123 where the space-time location of Figure 122 is shown
as an insert. For comparison, the wave trace, as determined
from both ion probe and pressure transducer measurements and
from the photograph of Figure 122 m is included. While slight
differences are apparent and may be accounted for by experimental
inaccuracies_ on the whole the various methods of observation
provide a consistent representation of the process.
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4. PREDETONATION STUDIES
4.1. Flame Acceleration
When weak ignitors, such as spark discharge or heated plate,
are used, the establishment of detonation is preceded by an induc-
tion period whose duration is determined by the composition and
initial conditions. Figure 124 shows a number of streak Schlieren
photographs, representing the space-time history of the process,
of an accelerating flame in an equimolar mixture of hydrogen and
oxygen initially at 100 mm Hg and 70°P. The mixture was con-
tained in the 2 x 20 vessel and ignition was by means of spark
discharge. The abscissa represents distance from the ignitor and
the ordinate denotes the time. The flame front is depicted by the
bright line curved diagonally up to the right. Similar traces
behind the front are manifestations of the structure of the flame
surface, although it is apparent that the flame propagation is
relatively laminar. The trace of the flame front of Figure 124
has been replotted in Figure 125 where the photographs of Figure
124 are included as inserts. The single dashed line represents
the front of the flame while the double dashed line corresponds
to the structure observed in Figure 124. The solid lines at the
top of the diagram denote the pressure wave and the flame path
deduced from the ionization probe signals.
Similar space-time diagrams for 2H 2 + 02 and 3H 2 + 02 mix-
tures initially at i00 mm Hg and 70°F are shown in Figures 126
and 127. Inserts show the space-time location of streak Schlieren
photographs which, because of their resemblance to those of Fig-
ure 124.. have not been shown.
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The flame path of Figure 126 has been reproduced in Figure
128 where the pressure profiles measured at four adjacent instru-
ment positions have been included to depict the growth of the
pressure pulse generated by accelerating flame. The process was
analyzed using the method developed in previous studies in small
sized equipment (18, 19, 20). The combustion front, expanding
in space about the ignition source, is considered to act as an
equivalent plane, moving heater, which releases heat at the same
rate as the flame. The generation of pressure waves is then at-
tributed to the increase in the rate of heat release per unit
cross-sectional area of the vessel. Under the present circum-
stances, where ignition occurs at a point and the flame grows in
the form of a hemisphere, the flow velocity immediately ahead of
the flame is given by the expression:
2_
U. =- Hou" -_ 7_KVX._ _z)
where
= 'v-- sly.<>
z'#,.t.x.f
r "=- _'f'=
being the specific heat ratio of the mixture, _ the heat
of combustion, 6[o the sound speed of the undisturbed medium,
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S the constant relative speed of propagation of the flame front,
/_+ the axial distance traveled by the flame, V the radius of
the vessel, and subscripts ! and _ denote conditions immediately
ahead of and behind the front, respectively.
The flame world-line--its path in the space-time plane--is
found from
o V-_U (;13)
where "_=
Defining now
_c__T, . With Eq. (12), Eq. (15) becomes
V
--_ , we obtain finally:
which depends only upon the parameter _ , independent of the
relative flame propagation speed. Equation (15) can be used to
evaluate _ and subsequently, through Eq. (12), the flame speed,
$ .
Equation (15) is plotted on the Y-X plane with i< as a
parameter, Figure 129. On the same plane the world-lines of the
simple pressure wave deduced from the pressure records of Figure
128 are mapped. For this purpose each is expressed in the form
-- u ] x ±aT° (16)
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where _-o is the non-dimensional value of the time coordinate of
the intersection of the wave world-lines with the _:0 axis of
Figure 128. They appear in Figure 129 as a family of straight
lines for U-0.035, 0.069, and 0.101, respectively. Finally, the
Y-X coordinates of the intersection of the pressure waves with
the observed flame world-line are l_lotted in Figure 129, as de-
noted by the small crosses. Their location indicates that the
value of _ lies between 0.6 and 0.7 corresponding to_ = 9.6
and 11.7, respectively. Assuming that the flame is characterized
by_-- 11.0 the value of _ determined from Eq. (12) is 50 m/sec.
With these parameters the flame world-line is evaluated ac-
cording to Eq. (14), while the pressure profiles at the first
three instrument positions are computed from the simple wave rela-
tion
-I
where _ is the distance between the transducer and the ignitor.
Results, denoted by the small circles in Figure 128, are in re-
markable agreement with experimentp demonstrating that the theory
provides a valid rationalization of initial flame acceleration
regardless of the size of the apparatus. It is of interest to
notep howeverp that the value of _ deduced above is approxi-
mately 1/3 of that determined from analysis of earlier results
(20) obtained at 1 atmosphere in a 1 x l-I/Z inch tube. While
reduction in initial pressure and increased tube size may contrib-
ute to changes in _, the exact significance of the large
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difference in its magnitude is not yet understood. It should be
emphasized, however, that the parameter _ reflects the conse-
quences of ideal gas behavior assumed for the combustible mixture
and thus may not be exactly equivalent to the heat of reaction.
A space-time diagram of the flame acceleration process over
the entire length of the 2 x 20 vessel is shown in Figure 130 for
an equimolar hydrogen-oxygen mixture initially at 100 mm Jig and
70°F and ignited by spark discharge. The flame, after an initial
period of acceleration during which it generates a pressure with
peak strength, A F) , of 3 psi, acquires a nearly constant veloc-
ity of 1240 ft/sec. The reflection of the precursor shock and
its subsequent interaction with the flame front are shown in de-
tail. A similar diagram showing results obtained with hot plate
ignition is shown in Figure 131. The close resemblance to Fig-
ure 130 demonstrates that the process is independent of the method
of ignition, which is to be expected in the present instance
where both ignitors behave essentially as point sources.
Figure 132 shows results obtained in the 3 ft vessel under
the same conditions as those of Figure 130. In view of the in-
creased vessel diameter the faster flame speed is somewhat sur-
prising, although it may be due to re-enforcement of the pressure
wave by the concave shape of the end-cap of the vessel.
The most significant feature of the foregoing results is
the fact that transition to detonation does not occur in the 20
ft long vessel when the initial pressure is 100 mm ttg or less.
Figure 132, however, shows the appearance of a strong shock wave
approximately 40 msec after ignition, indicating that an explosive
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process takes place near tile far end of the tube after a number
of interactions between the flame and re-reflected shock waves.
A final space-time diagram of the process, for initial con-
ditions identical to those of Figure 130, in the 2 x 20 vessel
is shown in Figure 133. It indicates the location of the streak
Schlieren photograph of Figure 134 which reveals the details of
a typical interaction between the flame and shock waves reflected
from the end of the vessel. Shock waves traveling to the right
appear as bright straight lines, while those moving to the left,
after reflection from the end of the vessel, are represented by
dark lines. The reaction zone, which occupies nearly 70% of the
record, appears as a distinct front moving diagonally up to the
right, followed by a great number of wavy streaks which are in-
dicative of the structure of the flame surface. The record demon-
strates quite clearly the limitations imposed on this method of
observation when the field of view is comparable to the diameter
of the vessel.
4.2. Initiation of Detonation
To provide a greater length of travel, a number of tests
were performed with spark ignition in the 2 x 40 vessel at ini-
tial pressures ranging from 100 to 400 mm Ilg and initial tempera-
tures of +70*F. In these tests detonation was always initiated
either behind the incident precursor shock wave or as a result
of its reflection from the end wall. Results are presented in
Figures 135-150, in the form of space-time diagrams.
Figure 155 shows a composite space-time diagram of the wave
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interaction pattern observed in a spark-ignited H 2 + 02 mixture
initially at 100 mm Hg and 70°F. It includes data from both the
2 x 20 and the 2 x 40 vessels, demonstrating the consistency of
the experimental measurements and, more significantly, illustrat-
ing the influence of the length of travel on the initiation of
detonation. In the former instance the pressure wave preceding
the flame reflected from the end of the vessel and caused a grad-
ual slowing down of the flame and, after re-reflection from the
ignitor end, a subsequent acceleration of the reaction zone.
On a number of occasions, an explosive process was observed at
the far end after several such reflections. However its exact
nature could not be determined from the experimental records. In
the latter casep however_ with the greater length of travel avail-
able, the flame-generated pressure waves coalesced to form a
shock front which initiated detonation upon its reflection from
the far end of the vessel. The difference can be attributed to
the character of the pressure waves. For both cases, the strength
of the incident waves was nearly identical, with a maximum of 5
psia being attained. In the 2 x 20 vessel, the compression proc-
/
ess was continuous and, if considered isentropic, would have pro-
duced a temperature upon reflection of approximately 490°K, while
in the 2 x 40 vessel a temperature of about 5ZO°K was calculated
behind the reflected shock wave. The slightly increased tempera-
ture and abrupt heating rate associated with the shock compres-
sion process are apparently sufficient to initiate reaction.
t{owever, the relatively low magnitude of the calculated ignition
temperature indicates that initiation may have resulted from other
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effects, most probably by shock re-enforcement produced by a small
cavity in the reflecting wall. Fay (21), who studied shock ini-
tiation of detonation in stoichiometric hydrogen-oxygen mixtures,
found that temperatures several hundred degrees greater than that
produced by a simple reflection can he attained in this manner
and, in fact, was able to rationalize his results on the basis of
shock amplification within a small clearance volume at the end
of his chamber. The effect of shock re-enforcement on initiation
of detonation is discussed later in detail. It does not, however,
detract from the present results since the distinction between
the character of the compression processes is still valid.
Details of the shock reflection process in the 2 x 40 ves-
sel are shown in Figure 136, which includes the pressure records
obtained at distances 32-I/2 and 58-1/2 ft from the ignitor. It
appears that detonation was initiated adjacent to the end wail,
after a delay of approximately 1.5 msec. The record shows also
an anomaly in the detonation velocity measurements which was ob-
served on all the tests in this series. While both the ion probe
and pressure transducer data yielded velocities which agreed
within the experimental accuracy, the former consistently indi-
cated a lag in the time of arrival of several hundred microsec-
onds. Since the ion probes were located vertically above the
pressure pickups, this discrepancy was attributed to wave tilt,
although there is no obvious explanation for it.
Space-time diagrams constructed for tests with equimolar mix-
tures at initial pressures of 200, 250, and 500 mm Hg are shown
in Figures 157 to 140. At a pressure of 200 mm Hg, two modes of
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initiation were observed. Figure 137 shows the initiation of
detonation approximately 1 msec after the reflection of the pre-
cursor shock wave from the end of the vessel, while, for the same
conditions, Figure 138 shows the onset of detonation at a dis-
tance of about 29 ft from the ignitor. This suggests that for an
equimolar mixture of hydrogen and oxygen at room temperature, the
limiting initial pressure for the natural transition from defla-
gration to detonation with a weak ignition source is about 200
mm Hg. Below this pressure, detonation is initiated only behind
the reflected precursor shock wave. This conclusion, however,
must be interpreted in consideration of the geometry of the cham-
ber used in the present experiments.
At 250 mm Hg, Figure 139, detonation was initiated at about
26-1/2 ft from the ignitor and the detonation overtook the pre-
cursor shock wave at about 35 ft. At 300 mm Hg, Figure 140, ini-
tiation occurred before the last 15 ft and the detonation wave
overtook the shock wave at about 30 ft from the ignitor.
A space-time diagram of the wave interaction pattern observed
in a 2H 2 + 02 mixture initially at 100 mm Hg and 70"F is shown in
Figure 141. Here again, initiation of detonation occurred behind
the reflected shock wave after a delay of approximately I.I msec.
Results obtained with 3H 2 + 02 mixtures at initial pressures
of 200, 250, and 300 mm Hg showing initiation behind the reflected
shock wave are presented in Figures 142 to 144. Figure 145, also
obtained at 300 mm Hg, shows the onset of detonation at a dis-
tance of 28 ft from the ignitor. This indicates, then, that the
limiting pressure for natural transition to detonation in 3H 2 +
02 mixtures is 300 mm Hg, 50% greater than for H 2 + 02 mixtures.
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The detonation velocities in all the above-discussed spark
ignition tests have been calculated, taking account of the con-
ditions which exist in the medium behind the precursor shock wave.
The results are summarized in Table 3 with the measured values.
The discrepancy between measured and calculated velocities ranged
from less than 1.0 to about 20%. This, however, was considered
a reasonable agreement since the accuracy of the measurements is
estimated at 5 to 10%, while the state of the medium into which
the detonation propagated, which formed the basis for the calcu-
lation of the wave velocity, may not have been uniform through-
out.
Figures 146, 147, and 148 show, respectively, the space-
time diagrams obtained from tests in the 2 x 20 vessel, depict-
ing the wave interaction pattern in H2 + 02, 2}I 2 + 02, and 5H 2 +
02 mixtures initially at I00 mm Hg and -180°F. In each case,
detonation occurred behind the incident precursor shock wave at
distances of 8-10 ft for the HZ + 02 and 2}{2 + 02 mixtures and
16 ft for the 5H 2 + 02 mixture. At -180°F, then, the limiting
pressure for natural transition to detonation is less than 100
mm Hg for all three mixtures.
Two final /A-t diagrams constructed for 5}{2 + 02 mixtures
are shown in Figures 149 and 150. The former, obtained at -260°F,
shows that the flame front follows almost immediately behind the
precursor shock for the last 14 ft of travel, with detonation
established adjacent to the end wall. The measurements did not
resolve whether initiation occurred behind the incident wave or
its reflection, although the interaction between the flame and
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the reflected pressure wave probably enhanced the formation of
detonation. The difference between this result and those at high
initial temperatures is most probably the consequence of air di-
lution of the mixture caused by the excessive leakage encountered
at this condition. The latter figure, obtained at -50°F, shows
the initiation of detonation behind the reflected precursor shock
wave after a delay of 2 msec.
The ignition delay times indicated in Figures 155-145 were
compared to the data of Schott and Kinsey (22) and Strehlow and
Cohen (23). The former measured delay times behind incident
shock waves in hydrogen-oxygen mixtures highly diluted with argon,
while the latter used the reflected shock technique in similar
mixtures but with large 02 concentration. In both cases the ig-
nition temperatures ranged from lOB0 to 3O00°K. Results of the
two studies, which were in good agreementj are represented in
Figure 151 where the products of oxygen concentration and delay
time are plotted against the inverse of the ignition temperature--
the solid lines delineate the spread of their experimental data.
Results of the present study, for which temperatures ranged from
475-630°K, are indicated by the small circles. Although Strehlow
and Case (24) have pointed out that as a result of boundary layer
effects, the temperature behind the reflected shock is higher
than that predicted on the basis of ideal shock tube theory, these
corrections have not been applied here since they were felt to be
less than the experimental accuracy.
In spite of the temperature range involved, the present re-
suits, which fall below the extrapolation of the data of references
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22 and 23, are grouped together at a value of 10 -5 mole sec/liter.
In the work of Schott and Kinsey, delay times were determined
from measurements of OH absorption, whereas Strehlow and Cohen
used photographic means to detect the initiation of reaction. In
our tests j delay times were deduced from detection of both reac-
tion-generated pressure waves and ionization signals. While the
location of the plane of initiation was not observed directly,
time of arrival measurements from both the ionization probes and
the pressure pickups indicated that it occurred adjacent to the
end wall.
The discrepancy between the present results and those of
references 22 and 23 is most probably a consequence of shock re-
enforcement within a small cavity in the end wall. Located in
the center of the end wall where wave reflection occurred was the
3 inch opening to the vacuum pump. In order to protect the shut-
off valve from metal fragments generated by the Primacord explo-
sion, a thin plate_ about 4 inches square, was installed several
inches ahead of the opening. While the plate and cavity would
have produced a negligible perturbation on the gross one-dimen-
sional flow, it would have caused local shock wave re-enforcement
with a corresponding increase in temperature. On the basis of
Fay's experiments (21) it is quite likely that detonation was
initiated in the hotter gases within the cavity rather than be-
hind the reflected shock. Since shock re-enforcement would lead
to increased initiation temperature and oxygen concentration and
decreased induction time, the overall effect would shift the data
points to the left on Figure 151, yielding a better agreement with
the high temperature data.
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5. SUMMARY AND CONCLUSIONS
In tests wit|, the high energy ignitor, the initiating blast
wave completely eliminated predetonative phenomena. At initial
pressures of 100 and 10 mm Fig, an overdriven detonation-like wave
was produced, which acquired a constant velocity of propagation
within 20 ft of travel. In both cases the measured final wave
velocities and pressures were in fair accord with the correspond-
ing C-J values. In general the measured velocities were slightly
less (5-10%) and pressures somewhat greater (10-50%) than the
theoretical parameters, with discrepancies increasing at lower
initial pressures and particularly at low initial temperatures
where, in addition, the measurements were less consistent. This
yields, then, a specific confirmation of the rule that the class-
ical theory can be used only to predict the lower, i.e., the non-
conservative, bound for the magnitude of peak pressure attained
by a detonative process.
Exceptions to the above findings were observed for the 100
mm Hg, -180=F and -50°F conditions where the measured velocities
exceeded the theoretical values for all compositions. Further-
more, although a constant wave velocity was observed at the i0 mm
Hg condition in the 20 ft vessel, it is quite unlikely that a
self-sustaining detonation can exist at this pressure. This con-
tention is supported by the fact that the measured velocity was
10% less than the corresponding C-J value, and the indication of
subsequent, albeit gradual, wave decay in the 40 ft vessel tests.
At initial pressure less than 10 mm Hg, the influence of the
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blast wave generated by the Primacord ignitor becomes significant.
Test results at an initial pressure of 1.0 mm Hg indicate that,
although there is some contribution from energy released by chem-
ical reaction of the hydrogen-oxygen mixtures, the wave propaga-
tion is supported primarily by the Primacord explosion. However,
at 0.1 mm Hg, chemical reaction is apparently negligible and the
observed process represents essentially the decay of the Prima-
cord blast. The maximum reflected wave pressure at the 1.0 mm Hg
condition was of the order of several psia which may be marginal
with respect to the structural integrity of some components of
launch vehicles. This pressure loading, however, is entirely a
consequence of the method o£ ignition and not of detonation phe-
nomena.
In conclusion, then, a strong shock wave initiation will pro-
duce detonation in mixtures at initial pressures greater than
I0 mm Hg. The C-J theory, however, yields only a lower bound to
the peak wave pressures, measurements indicating pressures as
large as 50_ greater being attained. Below i0 mm Hg initial pres-
sure, chemical reaction is negligible and no amplification of the
initiating blast wave occurs.
Information on the detonability of hydrogen-oxygen mixtures
in the absence of external shock waves was provided by the weak
i'gnition test series. In this case, however, shock waves were
generated by the action of the accelerating flame itself. At
room temperature the minimum initial pressure above which deto-
nation was initiated behind the flame-generated precursor shock
wave was in the neighborhood of 200-300 mm Hg, depending on the
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composition of the mixtures. This result, however, must be inter-
preted in consideration of the geometry of the vessel, since, at
lower pressures, the induction distance may exceed 40 ft, the
maximum length available. At an initial temperature of -180°F,
the minimum pressure was less than 100 mm Hg, although tests to
determine its exact value were not performed. The ratio of in-
duction distance to vessel diameter determined in these tests was
approximately 15-20 at the minimum initial pressure. Since both
large diameter and low initial pressure tend to increase the in-
duction distance, these results are surprisingly low compared to
those observed in 1 inch ducts at 1 atmosphere, where L/D_50.
Perhaps the most significant results of the entire study were
obtained from the reflected detonation experiments. At initial
pressures of i00 mm Hg, which is below the minimum value discussed
above, detonation was observed behind the reflected precursor
shock wave, after an induction period of approximately 1.0 msec.
The strength of the incident precursor shock was quite modest,
corresponding to a Mach number of approximately 1.50. The deto-
nation was formed almost instantaneously following initiation of
reaction adjacent to the end wall, although the measurements did
not resolve the precise details of the process.
The observed induction times were correlated with known
kinetic data. For the comparatively low temperatures attained
behind the singly reflected shock waves, they were appreciably
below the values extrapolated from higher temperature data reported
in the literature. This indicated the possibility of multiple
reflections, which could have been indeed produced by the
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irregular internal geometry of the enclosure. Although at this
stage scientifically incomplete, and hence somewhat dissatisfy-
ing, these results have an important practical implication since
the actual hardware must also possess irregular internal geome-
try that should similarly enhance the wave amplification process.
The actual magnitude of pressure attained by shock re-enforce-
ment is not important since the volume of the cavity and duration
of the pulse are relatively small. However, the additional com-
pression produced by the irregular geometry may initiate detona-
tion in systems that may otherwise be considered safe.
Finally, as an outgrowth of measurements used to monitor
stresses induced by the detonative process a method for predic-
tion of the cylinder's stress response to a symmetric internal
blast load has been developed. Based on a simple dynamic model
of the vibrating cylinder and an approximate expression for the
wave shape of the blast load, the analysis yielded results in
satisfactory agreement with experimental data. Full details of
this study are presented in reference ll.
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Summary of Operating Conditions
Vessel
2 x 20
3x 20
2x 40
Initial
Teraperature
o F
7O
20O
-5O
-180
-26O
7O
7O
Composition
tt 2 + 02
2It 2 + 02
3H 2 + 02
H2 + 02
2H 2 + 02
3H 2 + 02
3H 2 + 02
3H 2 + 02
H2 + 02
2H 2 + 02
3tt 2 + 02
3H 2 + 02
H 2 + 02
H 2 + 02
H2 + 02
3H 2 + 02
H 2 + 02
3H 2 + 02
Ignitor
Initial
Pressure
ram tlg
P,S,H i00
P,S lO0
P lO0
lO
1
O.1
P
P
i00
I0
1.0
P,S i00
P 10
1.0
S i00
P I0
S 100
P 760
P.S
P
PpS
P
S
S
P,S
i00
i0
1.0
0.I
6O0
4OO
3O0
250
200
100
i0
1.0
H 2 + 0 2
3H 2 + 0 2
tt 2 + 0 2
2H 2 + 0 2
tt 2 + 0 2
S
S
P
P--Priraacord, S--spark ignitor, H--hot plate ignitor.
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TABLE 2 (Continued)
Specifications of Pressure Transducers
Range
Resolution
Sensitivity
Linearity
Natural frequency
Rise time
Temperature range
Max. gas temperature
(intermittent)
Insulation resistance
Acceleration
sensitivity
Kistler Type
601
• im
to 5000 psi
0.01 psi
0.5 pCb/psi
1%
150,000 cps
3 sec
-400 ° to +500°F
3000°F
1014 ohms
0.02 psi/g
Kistler Type
PZ 14
to 3000 psi
0.01 psi
4 pCb/psi
1%
50,000 cps
Max. 600°F
3000°F
1014 ohms
0.05 psi/g
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TABLE 3
Detonation Velocities
Mixture Fig.
NO.
i
Initial
Pressure
mm Hg
Pressure Behind
Precursor Shock
mm Hg
Detonation Velocity
(in lab coordinates)
Calculated Measured
H 2 + 02 137
138
139
140
2OO
2OO
25O
3OO
424
625
800
870
6700 6600
9000 10000
9100 8340
8900 9900
3H ÷
2 O2
142
143
144
145
200
250
300
300
500
825
845
845
8400 8350
8200 9090
8400 10000
10100 12000
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FIGURES
Fig. i.
Fig. 2.
Fig. 3.
Fig. 4.
Fig. 5.
Fig. 6,
Fig. 7.
Fig. 8,
Fig. 9.
Fig. 10.
Fig, 11.
Fig. 12.
Fig. 13.
Fig. 14.
Fig. 15.
Fig. 16.
Fig. 17.
Fig, 18.
Fig, 19.
Fig. 20.
Fig. 21.
Laboratory floor plan.
Design of vessel A.
Design of vessel B.
Design of vessel CD.
Vessel A t 3 ft diam x 20 ft long carbon steel.
Vessel B D 2 ft diam x 20 ft long carbon steel; and
Vessel CD) 2 ft diam x 20 ft long stainless steel.
Schlieren observation ports in vessel CD.
Vessel A--hydrostatic test results.
Vessel B--hydrostatic test results,
Vessel CD--hydrostatic test results.
Pumpdown characteristics of vessel A.
Vacuum test results of vessel CD.
Vacuum test results of vessels CD and B connected
together.
Vessel CD after installation of thermal insulation.
Schematic of temperature control system on vessel CD.
Control arrangement of electric heaters installed on
vessel CD.
Assembly of vacuum pump system,
Vacuum pump system performance curves,
Cold trap construction.
Performance characteristics of vacuum pump and entire
system including vessel A.
Schematic of premixed gas handling system.
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Fig. 22.
Fig. 23.
Fig. 24.
Fig. 25.
Fig. 26.
Fig. 27.
Fig. 28.
Fig. 29.
Fig. 30.
Fig. 31.
Fig. 32.
Fig. 33.
Fig. 34.
Fig. 35.
Fig. 36.
Fig. 37.
Fig. 38.
Fig. 39.
Fig. 40.
Fig. 41.
Schematic of mixing chamber.
Primacord ignition holder assembly.
Modified ignition holder assembly.
Circuit diagram for spark ignition system.
Hot plate ignitor.
Temperature history of hot plate ignitor.
Pressure transducer and housing.
Typical oscilloscope record of output of pressure
transducers.
Typical oscilloscope record of ionization signals.
Ionization gauge and housing.
Strain gauge circuit for vessel A.
Typical oscillograph of dynamic response of strain
gauge attached to vessel A.
Measured peak dynamic stress versus initial pressure
for vessel A.
Strain gauge circuit for vessel CD.
Typical oscillograph of dynamic response of strain
gauges attached to vessel CD.
Measured peak dynamic stress versus initial pressure
for vessel CD.
Schematic of Schlieren system.
Layout of 3 ft diam vessel showing location of
instruments,
Layout of vessel CD showing locations of instruments
and important dimensions.
Schematic diagrams of vessel and accessory equipment.
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Fig. 42.
Fig. 43.
Fig. 44.
Fig. 45.
Fig. 46;
Fig. 47.
Fig. 48.
Fig. 49.
Fig. 50.
Fig. 51.
Block diagram of instrumentation.
Flame world-line in space-time plane.
Wave velocity as a function of distance from Primacord
ignitor in vessel CD. Mixture initially at 100 mm llg
and room temperature.
Wave pressure as a function of distance from Primacord
ignitor in vessel CD. Mixture initially at 100 mm Hg
and room temperature.
Wave velocity as a function of distance from Primacord
ignitor in vessel CD. Mixture initially at 10 mm Hg
and room temperature.
Wave pressure as a function of distance from Primacord
ignitor _n vessel CD. Mixture initially at 10 mm Hg
and room temperature.
Wave velocity as a function of distance from Primacord
ignitor _n vessel CD. Mixture initially at 1.0 mm Hg
and room temperature.
Wave pressure as a function of distance from Primacord
ignitor _n vessel CD. Mixture initially at 1.0 mm Ilg
and room temperature.
Wave velocity as a function of distance from Primacord
ignitor in vessel CD. Mixture initially at 0.1 mm Hg
and room temperature.
Wave pressure as a function of distance from Primacord
ignitor in vessel CD. Mixture initially at 0.1 mm Hg
and room temperature.
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Fig. 61.
Fig. 62.
Fig. 6 3.
Fig. 64.
Fig. 65.
Fig. 66.
Fig. 67.
Fig. 68.
Fig. 69.
Wave pressure as a function of distance from Primacord
ignitor in vessel CD. 5H 2 + 02 composition, initial
pressure 10 mm Hg, initial temperature -50°F.
Wave velocity as a function of distance from Primacord
ignitor in vessel CD. 3H 2 + 02 composition, initial
pressure 1.0 msa Hg, initial temperature -50°F.
Wave pressure as a function of distance from Primacord
ignitor in vessel CD. 3H 2 + 02 composition, initial
pressure 1.0 mm Hg, initial temperature -50°F.
Wave velocity as a function of distance from spark
ignitor in the 2 ft diam x 20 ft long vessel. Initial
pressure 100 mm Hg, initial temperature -180°F.
Wave pressure as a function of distance from spark
ignitor in the 2 ft diam x 20 ft long vessel. Initial
pressure 100 mm I{g, initial temperature -180°F.
Wave velocity as a function of distance from Primacord
ignitor in vessel CD. Initial pressure i0 mm Hg, ini-
tial temperature -180*F.
Wave pressure as a function of distance from Primacord
ignitor in vessel CD. Initial pressure i0 mm Hg, ini-
tial temperature -180"F.
Wave velocity as a function of distance from Primacord
ignitor in vessel A. Initial pressure 760 mm Hg,
initial temperature +68°F.
Wave pressure as a function of distance from Primacord
ignitor in vessel A. Initial pressure 760 mm Hg,
initial temperature 680F.
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Fig. 52.
Fig. 55.
Fig. 54.
Fig. 55.
Fig. 56.
Fig. 57.
Fig. 5 8.
Fig. 59.
Fig. 60.
Wave velocity as a function of distance from Primacord
ignitor in vessel CD. 3tI 2 + 02 composition, initial
pressure 100 mm Hg, initial temperature +200°F.
Wave pressure as a function of distance from Primacord
ignitor in vessel CD. 3H 2 + 02 composition, initial
pressure 100 mm Hg, initial temperature +200°F.
Wave velocity as a functzon of distance from Primacord
ignitor in vessel CD. 3H 2 + 02 composition, initial
pressure 10 mm Ilg, initial temperature +200°F.
Wave pressure as a functzon of distance from Primacord
ignitor in vessel CD. 3H 2 + 02 composition, initial
pressure 10 mm Hg, initial temperature ÷200°F.
Wave velocity as a function of distance from Primacord
ignitor in vessel CD. 3H 2 + 02 composition, znitial
pressure 1.0 mm Hg, initial temperature +200°F.
Wave pressure as a function of distance from Primacord
ignitor in vessel CD. 5H 2 + 02 composition, initial
pressure 1.0 mm Hg, initial temperature +200°F.
Wave velocity as a function of distance from Primacord
ignitor in vessel CD. 3H 2 + 02 composZtion, znitial
pressure 100 mm Hg, initial temperature -50°F.
Wave pressure as a functzon of distance from Primacord
ignitor in vessel CD. 3H 2 + 02 composition, znitial
pressure 100 mm Hg, initial temperature -50°F.
Wave velocity as a function of distance from Primacord
ignitor in vessel CD. 5H 2 + 02 composztion, initial
pressure 10 mm Hg, initial temperature -50°F.
i00
Fig. 70.
Fig. 71.
Fig. 72.
Fig. 73.
Fig. 74.
Fig. 75.
Fig. 76.
Fig. 77.
Fig. 78.
Wave velocity as a function of distance from Primacord
ignitor for vessel A. Initial pressure 100 am llg,
initial temperature 73"F.
Wave pressure as a function of distance from Prlaacord
ignitor in vessel A. Initial pressure 100 aa Hg, ini-
tial temperature 73"F.
Wave velocity as a function of distance from Prlaacord
ignitor for vessel A. Initial pressure 10 mm [lg, ini-
tial temperature 73"F.
Wave pressure as a function of distance from Primacord
ignitor for vessel A. Initial pressure 10 aa Hg, ini-
tial temperature 73"F.
Wave velocity as a function of distance from Priaacord
ignitor for vessel A. Initial pressure 1.0 nun Hg, ini-
tial temperature 72"F.
Wave pressure as a function of distance from Primacord
ignitor for vessel A. Initial pressure 1.0 am Hg, ini-
tial temperature 72"F.
Wave velocity as a function of distance from Pr_macord
ignitor for vessel A. Initial pressure 0.1 am Hg, ini-
tial temperature 70*F.
Wave pressure as a function of distance from Priaacord
ignitor for vessel A. Initial pressure 0.1 ma }tg, ini-
tial temperature 70*F.
Wave velocity as a function of distance from Priaacord
ignitor in the 2 ft diam x 40 £t long vessel. H 2 + 02
composition, initial pressure 600 am Hg, initial tem-
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Fig. 79°
Fig. 80.
Fig. 81.
Fig. 82.
Fig. 83.
Fig. 84.
Fig. 85.
Wave pressure as a function of distance from Primacord
ignitor in the 2 ft diam x 40 ft long vessel. H 2 ÷ 02
composition, initial pressure 600 mm Hg, _nitial tem-
perature 70*F.
Nave velocity as a function of distance from spark
ignitor in the 2 ft diam x 40 ft long vessel, t12 + 02
composztion, initial pressure 600 nun Hg, initial tem-
perature 70*F.
Nave pressure as a function of distance from spark
ignitor in the 2 ft diam x 40 ft long vessel. It 2 + 02
composztion, initial pressure 600 mm tlg, initial tem-
perature 70*F.
Wave velocity as a function of distance from Primacord
ignitor in the 2 ft diam x 40 ft long vessel. I{ 2 + 02
composztion, initial pressure 400 mm ltg, znltial tem-
perature 70*F.
Wave pressure as a function of distance from Primacord
zgnitor in the 2 ft diam x 40 ft long vessel, tl 2 + 02
composition, lnztial pressure 400 nun Hg, lnltial tem-
perature 70*F.
Wave velocity as a function of distance from Primacord
ignitor in the 2 ft diam x 40 ft long vessel, tt 2 + 02
composition, initial pressure 200 nun Hg, initial tem-
perature 70*F.
Wave pressure as a function of distance from Primacord
zgnitor in the 2 ft diam x 40 ft long vessel. H 2 ÷ 02
composition, initial pressure 200 mm tlg, initial tem-
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Fig. 86.
Fig. 87.
Fig. 88.
Fig. 89.
Fig. 90.
Fig. 91.
Fig. 92.
Wave velocity as a function of distance from Primacord
ignitor in the 2 ft diam x 40 ft long vessel. H 2 + 02
composition, initial pressure i0 mm Hg, initial tem-
perature 70OF.
Wave pressure as a function of distance from Primacord
ignitor in the 2 ft diam x 40 ft long vessel. H 2 + 02
composition, initial pressure 10 mm Hg, initial tem-
perature 70°F.
Wave velocity as a functxon of distance from Prlmacord
ignitor in the 2 ft diam x 40 ft long vessel. H 2 + 02
composition, initial pressure 1.0 mm Hg, initial tem-
perature 70°F.
Wave pressure as a functxon of distance from Primacord
ignitor in the 2 ft diam x 40 ft long vessel. II2 + 02
composition, initial pressure 1.0 mm Hg, initial tem-
perature 70OF.
Wave velocity as a function of distance from Primacord
ignitor in 40 ft vessel. Data from 20 ft vessel is also
included. H 2 + 02 composition, initial pressure 1.0 mm
Hg, initial temperature 70°F.
Wave pressure as a functxon of distance from Primacord
ignitor in 40 ft vessel. Data from 20 ft vessel is also
included. H 2 + 02 composition, initial pressure 1.0 mm
Hg, initial temperature 70*F.
Wave velocities measured at last position in vessel CD,
during room temperature tests, versus initial pressure.
Theoretical C-J velocities shown for comparison.
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Fig. 95.
Fig. 94.
Fig. 95.
Fig. 96.
Fig. 97.
Fig, 98,
Fig. 99.
Fig. i00.
Fig. I01.
Wave velocities measured at last position in vessels
A and CD, for H E + 0 Z mixtures and air during room
temperature tests, versus initial pressure. Theoreti-
cal C-J velocities shown for comparison.
Peak incident pressure at last position in vessels A
and CD as a function of initial pressure for air at
room temperature.
Reflected pressure in vessels A and CD as a function
of initial pressure for air at room temperature.
Peak incident pressure at last position in vessel CD
as a function of initial pressure for air at +200 and
+70°F.
Peak incident pressure at last position in vessel CD
as a function of initial pressure for air at -50 and
-180°F.
Peak incident pressure at last position in vessels A
and CD as a function of initial pressure for It 2 + 02
mixture at room temperature.
Reflected wave pressure at last position in vessels
A and CD as a function of initial pressure for H 2 + 02
mixture at room temperature.
Peak incident pressure at last position in vessels A
and CD as a function of initial pressure for 2H 2 + 02
mixture at room temperature.
Reflected wave pressure at last position in vessels A
and CD as a function of initial pressure for 2H z + 02
mixture at room temperature.
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Fig. 102.
Fig. 103.
Fig. 104.
Fig. 105.
Fig. 106.
Fig. 107.
Fig. 108.
Fig. 109.
Fig. 110.
Fig. 111.
Peak incident pressure at last position in vessels A
and CD as a function of initial pressure for 3H 2 + 0 2
mixture at room temperature.
Reflected wave pressure at last position in vessels
A and CD as a function of initial pressure for 31{2 + 0 2
mixture at room temperature.
Wave velocity measured at last position in vessel CD
versus initial pressure for hydrogen-oxygen mixtures
at room temperature.
Peak incident pressure at last position in vessel CD
versus initial pressure for hydrogen-oxygen mixtures
at room temperature.
Wave velocity measured at last position in vessel CD
versus initial pressure for 3H 2 + 0 2 mixtures at
+200°F.
Peak incident pressure at last position in vessel CD
versus initial pressure for 3H 2 + 0 2 mixtures at
+200°F.
Wave velocity measured at last position in vessel CD
versus initial pressure for 3H 2 + 02 mixtures at -50°F.
Peak incident pressure at last position in vessel CD
versus initial pressure for 3H 2 + 02 mixtures at -50°F.
Wave velocity measured at last position in vessel CD
versus initial pressure for hydrogen-oxygen mixtures
at -180°F.
Peak incident pressure at last position in vessel CD
versus initial pressure for hydrogen-oxygen mixtures
at -180°F,
I05
Fig. 112.
Fig. 113.
Fig. 114.
Fig. 115.
Fig. 116.
Fig. 117.
Fig. 118.
Fig. 119.
Nave velocity measured at last position in vessel CD
for hydrogen-oxygen mixtures initially at i00 mm Hg
versus initial temperature.
Peak incident pressure measured at last position in
vessel CD for hydrogen-oxygen mixtures initially at
100 mm Hg versus initial temperature.
Nave velocity measured at last position in vessel CD
for hydrogen-oxygen mixtures initially at i0 mm Hg
versus initial temperature.
Peak incident pressure measured at last position in
vessel CD for hydrogen-oxygen mixtures initially at
10 mm Hg versus initial temperature.
Nave velocity measured at last position in vessel CD
for 3II 2 + 02 mixtures initially at 1.0 mm Hg versus
initial temperature.
Peak incident pressure measured at last position in
vessel CD for 3H 2 * 02 mixtures initially at 1.0 mm
Hg versus initial temperature.
Nave velocity measured at last position in vessel CD
as a function of volume per cent of hydrogen for mix-
tures initially at pressures of 100 and 10 mm llg and
room temperature. Theoretical C-J velocities included
for comparison.
Incident wave pressure measured at last position in
vessel CD as a function of volume per cent of hydro-
gen for mixtures initially at pressures of I00 and 10
mm Hg and temperatures of 70 and -180°F. Theoretical
C-J velocities included for comparison.
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Fig. 120.
Fig. 121.
Fig. 122.
Fig. 125.
Fig. 124.
Fig. 125.
Wave velocity measured at last position in vessel CD
as a function of volume per cent of hydrogen for mix-
tures initially at pressures of 100 and i0 mm lig and
-180°F. Theoretical C-J velocities included for com-
parison.
Incident wave pressure measured at last position in
vessel CD as a function of volume per cent of hydro-
ten for mixtures initially at pressures 100 and 10
mm fig and -180°F. Theoretical C-J velocities included
for comparison.
Streak Schlieren photograph of a steady detonation
wave in 3H 2 + 02 mixture initially at i00 mm Hg and
room temperature.
Space-time diagram of detonation wave in vessel CD
P
for 3H 2 + 02 mixture with Primacord ignition. Ini-
tial pressure 100 mm Hgj initial temperature 70°F.
Space-time location of Fig. 122 shown as insert.
Streak Schlieren photograph of initial flame acceler-
ation in vessel CD for an H 2 + 02 mixture with spark
ignition. Initial pressure 100 mm Hg, initial tem-
perature, 70°F. Distance measured from point of
ignition. Flame front depicted by bright line curved
diagonally up to the right. Similar traces behind
front are indicative of flame structure.
Space-time diagram of accelerating flame in vessel CD
for an H 2 + 02 mixture with spark ignition. Initial
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Fig. 126.
Fig. 127.
Fig. 128.
Fig. 129.
Fig. 130.
Fig. 131.
Fig. 132.
pressure 100 mm Hg, initial temperature 70°F. Dis-
tance measured from point of ignition. Time-space
location of photographs of Fig. 124 shown as inserts.
Space-time diagram of accelerating flame in vessel CD
for a 2H 2 + 02 mixture with spark ignition. Initial
pressure 100 mm Hg, initial temperature 70°F.
Space-time diagram of accelerating flame in vessel CD
for a 3H 2 + 02 mixture with spark ignition. Initial
pressure 100 mm Hg, initial temperature 70°F.
Space-time diagram of Fig. 126 replotted with pressure
records included to demonstrate build-up of pressure
pulse.
Graphical representation of the solution for heat of
reaction and average flame propagation speed of Fig.
128. The curved lines emanating from the origin rep-
resent flame world-linesm Eq. (15), while the straight
lines describe characteristics of the simple pressure
wave, Eq. (16). The crosses, obtained from experiment,
establish the value of K.
Space-time wave diagram of accelerating flame in ves-
sel CD. H 2 + 02 mixture at 100 mm Hg initial pressure
and room temperature. Spark ignition.
Space-time wave diagram of accelerating flame in ves-
sel CD. H 2 + O 2 mixture at i00 mm Hg initial pressure
and room temperature. [lot plate ignition.
Space-time wave diagram of accelerating flame in ves-
sel A. H 2 ÷ 02 mixture at 100 mm Hg initial pressure
--_ .... tempe rature, e-n._ "_,F=._ Ignitlon.
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Fig. 133.
Fig. 134.
Fig. 135.
Fig. 136.
Fig. 137.
Fig. 138.
Fig. 159.
Space-time diagram of accelerating flame in vessel CD
for 2tt 2 + 02 mixture with spark ignition. Initial
pressure 100 mm Hg, initial temperature 70°F. Space-
time location of Schlieren photograph of Fig. 134
shown as insert.
Streak Schlieren photograph of a flame-reflected shock
interaction pattern in vessel CD for 2H 2 + 02 mixture
initially at 100 mm Hg and 70°F. Spark ignition.
Space-time diagram of a wave interaction pattern in
40 ft vessel for 112 + 02 mixture with spark ignition.
Data from 20 ft vessel is also included. Initial
pressure i00 mm Hg, initial temperature 70°F.
Space-time diagram with superimposed pressure records
of wave interaction pattern in the 40 ft vessel shown
in Fig. 134.
Space-time diagram with superimposed pressure record
of wave interaction pattern in the 2 ft diam x 40 ft
long vessel for H 2 + 02 mixture with spark ignition.
Initial pressure 200 mm Hg, initial temperature 70°F.
Initiation of detonation behind reflected shock wave.
Space-time diagram with superimposed pressure record
of wave interaction pattern in the 2 ft diam x 40 ft
long vessel for H2 + 02 mixture with spark ignition.
Initial pressure 200 mm Hg, initial temperature 70°F.
Initiation of detonation behind precursor shock wave.
Space-time diagram with superimposed pressure record
of wave interaction pattern in the 2 ft diam x 40 ft
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Fig. 140.
Fig. 141.
Fig. 142.
Fig. 143.
Fig. 144.
long vessel for 1I2 + 02 mixture with spark ignition.
Initial pressure 250 mm ltg, initial temperature 70*F.
Initiation of detonation behind precursor shock wave.
Space-time diagram with superimposed pressure record
of wave interaction pattern in the 2 ft diam x 40 ft
long vessel for II 2 + 02 mixture with spark ignition.
Initial pressure 300 mm ltg, initial temperature 70*F.
Initiation of detonation behind precursor shock wave.
Space-time diagram with superimposed pressure record
of wave interaction pattern in the 2 ft diam x 40 ft
long vessel for 2H 2 + 02 mixture with spark ignition.
Initial pressure 100 mm tlg, initial temperature 70*F.
Initiation of detonation behind reflected shock wave.
Space-time diagram with superimposed pressure record
of wave interaction pattern in the 2 ft diam x 40 ft
long vessel for 3H 2 + 02 mixture with spark ignition.
Initial pressure 200 mm Hg, initial temperature 70*F.
Initiation of detonation behind reflected shock wave.
Space-time diagram with superimposed pressure record
of wave interaction pattern in the 2 ft diam x 40 ft
long vessel for 3It 2 + 02 mixture with spark ignition.
Initial pressure 250 mm Hg, initial temperature 70*F.
Initiation of detonation behind reflected shock wave.
Space-time diagram with superimposed pressure record
of wave interaction pattern in the 2 ft diam x 40 ft
long vessel for 3H 2 + 02 mixture with spark ignition.
Initial pressure 300 mm Hg, initial temperature 70°F.
Initiation of detonation behind reflected shock wave.
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Fig. 145.
Fig. 146.
Fig. 147.
Fig. 148.
Fig. 149.
Fig. 150.
Space-time diagram with superimposed pressure record
of wave interaction pattern in the 2 ft diam x 40 ft
long vessel for 3tt 2 * 02 mixture with spark ignition.
Initial pressure 300 mm ttg, initial temperature 70*F.
Initiation of detonation behind precursor shock.
Space-time diagram with superimposed pressure record
of a wave interaction pattern in the 2 ft diam x 20 ft
long vessel for 1t2 + 02 mixture with spark ignition.
Initial pressure 100 mm Hg, initial temperature -180"F.
Initiation of detonation behind precursor shock.
Space-time diagram with superimposed pressure record
of a wave interaction pattern in the 2 ft diam x 20 ft
long vessel for 2H 2 ÷ 02 mixture with spark ignition.
Initial pressure 100 mm ttg, initial temperature -180"F.
Initiation of detonation behind precursor shock.
Space-time diagram with superimposed pressure record
of a wave interaction pattern in the 2 ft diam x 20 ft
long vessel for 3H 2 + 02 mixture with spark ignition.
Initial pressure 100 mm Hg, initial temperature -180*F.
Initiation of detonation behind precursor shock.
Space-time diagram with superimposed pressure record
of a wave interaction pattern in the 2 ft diam x 20 ft
long vessel for 3H 2 ÷ 02 mixture with spark ignition.
Initial pressure 100 mm Hg, initial temperature -260"F.
Space-time diagram with superimposed pressure record
of a wave interaction pattern in the 2 ft diam x 20 £t
long vessel for 3H 2 + 02 mixture with spark ignition.
Initial pressure 100 mm Hg_ initial temperature -S0*F.
111
Fig. 151. Product of oxygen concentration and ignition delay
time plotted as a function of inverse temperature.
Band in lower left-hand corner represents data of
references lO and 11.
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Fig. 12 Vacuum test results of Vessel CD before and after repairs.
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Fig.28 Pressure Gauge and Housing (Section View)
(O-rings provide vacuum seal and serve to
isolate gauge from direct contact with
housing)
Fig, 2 9 
of pressure transducers located, from t o p  t o  bot- 
tom, a t  posi t ions 3, 5, 7 and 9. Ver t ioa l  scale:  
20 psi/div., hor izontal  scaler  300 ysec/div. Test 
conditions: 2%+02 composition, 100 IlrmHg i n i t i a l  
pressure, room temperature, Rimacord igni t ion,  
Vessel CD. 
Typical oscillosoope record of output 
Fig. 3 0 Typioal oscilloscope record of  ionizat ion 
signals. Ver t ioa l  soale : 1 volt/div., hor izontal  
scale:  300 psec/div. First ionizat ion probe located 
a t  pos i t ion  3. Test conditions: 2Hp% camposition, 
100 mmHg in i t ia l  pressure, room temperature, Prima- 
oord igni t ion,  Vessel CD. 
Fig. 31 Ion iza t ion  Gauge and Housing 
(Sec t ion  View) 
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Eb OUTPUT TO 
OSCILLOSCOPE 
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Fig.  32 S t r a i n  gauge c i r c u i t  f o r  Vessel A 
Fig.  33 Typical osc i l lograph  of dynamic response of 
s t r a i n  gauge at tached t o  Vessel A. V e r t i c a l  
s c a l e  i n  a r b i t r a r y  u n i t s ,  h o r i z o n t a l  s c a l e :  
2 msec/div. from l e f t  t o  r i g h t .  Upper t r a c e  
i s  s t r a i n  gauge record ,  lower t r a c e  i s  response 
of pressure  t ransducer  l oca t ed  a t  p o s i t i o n  10. 
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Fig.35 Strain Gauge Circuit 
Fig.36 Typical oscillograph of dynamic response of 
strain gauge attached to Vessel CD. Vertical scales 
noted below; horizontal scale: 300 psec/div., from 
left to right. For strain gauge locations see Fig. 
4 0 .  The tracas are, from top to bottom, for the fol- 
lowing strain gauge locations and orientations: 
1. Point B - axial, 59.76 pin/in/cm 
2. Point B - circumferential, 62.31pin/in/cm 
3 .  Point A - axial ,  58.64pin/in/cm 
4. Point A - circumferential, 58.62pin/in/cm 
20,0(_1
bO
n
10,0001-
Ld
0 I I I I I I i
0 200 400 600 8(33
INITIAL PRESSURE ( mm Hg.)
Fig. 37 Measured peak dynamic stress versus initial pressure
for vessel CD.
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Fig. 45 Wave pressure as a function of distance from Prima-
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Fig. 54 Wave velocity as function of distance from Primacord
ignitor in the 2 ft. dla. x 20 ft. long vessel.
3H_+09 composition, initial pressure I0 mmHg,
inlti_l temperature +200 °F.
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Fig. 56 Wave velocity as function of distance from Primacord
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3H_+0_ composition, initial pressure 1.0 mmHg,
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Fig. 58 Wave velocity as function of distance from Primacord
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Peak-wave pressure as function of distance from
Prlmacord ignitor in the 2 ft. dla. x 20 ft. long
vessel. 3H2+02 composition, inltial pressure
100 mmHg, Inltlal temperature -50°F.
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Wave velocity as function of distance from Primacord
ignitor in the 2 ft. dia. x 20 ft. long vessel.
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Fig. 61 Peak-wave pressure as function of distance from
Prlmacord ignitor in the 2 ft. dla. x 20 ft. long
vessel. 3H9+09 composition, initial pressure
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Fig. 61 Peak-wave pressure as function of distance from
Prim-cord ignitor in the 2 ft. dia. x 20 ft. long
vessel. 3H9+0 _ composition, initial pressure
i0 mmHg, inlti_l temperature -50°F.
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Fig. 64 Wave velocity as function of distance from spark
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Fig. 65 Peak wave pressure as function of distance from
spark ignitor in the 2 ft. dla. x 20 ft. long
vessel. Initial pressure i00 mmHg, initial
temperature -180°F.
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Fig. 67 Peak-wave pressure as function of distance from
Primacord ignitor in the 2 ft. dia. x 20 ft. long
vessel. Initial pressure i0 mm Hg, initial
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Fig. 68 Wave veloclty as a function of distance from Prtmacord
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Fig. 69 Wave pressure as a function of distance from Prlmacord
ignitor for Vessel A. Initial pressure 760 mmHg,
initial temperature 68°F.
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Fig. 70 Wave velocity as a function of distance from Prtmacord
IEnltor for Vessel A. Inltlal pressure i00 mmHg,
initial temperature 73°F.
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Fig. 71 Wave pressure as a function of distance from Primacord
ignitor in Vessel A. Initial pressure i00 mmHg,
initial temperature 73°F.
8000
7000
6OOO
I--:
LL.
V
>- 5000
i--
lxl
>
w
4000 -
3O00
2000 -
1000
0
VC-J =
PRESSURE TRANSDUCERS
7149 F-[/SEC.
ION GAPS
i I I
5 10 15
DISTANCE FROM IGNITER (FT)
2O
Fig. 72 Wave velocity as a function of distance from Prlmacord
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Fig. 81 Peak wave pressure as function of distance from spark ignitor in
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Fig.122 Streak Schlieren photograph of a steady detonation wave in 
3H2+02 mixture initially at 100 mmHg and room temperature 
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Fig.123 Space-time diagram of detonation wave in Vessel CD
for 3H2+02 mixture with Prlmacord ignition. Initial
pressure 100 mmHg, initial temperature 70°F. Space-
time location of Fig.122 shown as insert.
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Fig. 126 Space-time diagram of accelerating flame in Vessel
for a 2H2+0 ? mixture with spark ignition. Initial
pressure I00 mmHg, initial temperature 70°F.
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Fig.133 Space-tlme dlagram of accelerating flame in Vessel CD
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Fig. 151 Product of oxygen concentration and ignition delay time plotted
as a function of inverse temperature. Band in lower left hand
corner represents data of ref_rances i0 and ii.
